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PREFACE 


The 19th International Cosmic Raj Conference, under the auspices of the Cosmic Raj 
Commission of the International Union of Pure and Applied Phjsics, is being held on 
the campus of the Universitj of California, San Diego, on 11 through 23 August 1985. 
In keeping with the tradition begun in 1971 bj the Australian organisers of the 12th 
ICRC, the Proceedings of this conference are appearing in two sets of volumes. The 
first set, consisting of volumes 1 through 8, is being distributed to all 
participants at the beginning of the conference. This set contains the contributed 
papers. The second set, distributed after the conference, contains invited, 
rapporteur, and highlight papers. The papers are reproduced here exactlj as thej were 
received from the authors, without refereeing. 

For the 19th ICRC, the scientific program was organised according to three major 
divisions— OQ (cosmic rajs and gamma rajs of Galactic Origin), SH (Solar and 
Heliosphere), and HE (High Energj). Technical papers are included in each of the 
three divisions. 


This conference depended on funds from several agencies of the United States 

government, including major financial support from the National Aeronautics and Space 
Administration and support from the National Science Foundation, the Department of 
Energj, and the Air Force Geophjsics Laboratorj. Important financial support also 
came from the Center for Astrophjsics and Space Sciences of the Universitj of 

California, San Diego, from the California Space Institute of the Universitj of 

California, from the Department of Phjsics and Astronomj of the Universitj of 

Marjland, College park, from the International Union for Pure and Applied Phjsics, 
and from several corporate sponsors who will be acknowledged bj name in the post- 
conference volumes. 

We appreciate the confidence placed in the conference organisers bj the Cosmic Raj 
Commission, and acknowledge with thanks the role of the Commission members in 
setting up the rules for the conference and in advising the organiiers during its planning. 

We are grateful to all of the members of the various organising committees listed at 
the front of this volume. The three Program Committees went to great effort to 
organise a coherent scientific program and to schedule four parallel sessions with a 
minimum of conflicts. The Local Organising Committee has worked long and hard to 
ensure efficient and hospitable accommodations for all the participants, both in the 
scientific sessions and outside them. The Publications Committee not onlj took great 
pains to assemble these volumes but also maintained an orderlj data base of papers 
and authors which was extremelj helpful to the program committees. The General 
Organising Committee made important contributions of ideas and efforts to make the 
conference possible; this committee included international representation from all of 
North America, thus the departure from the traditional name of National Organising 
Committee. And the entire effort was coordinated bj the dedicated members of the 
Steering Committee. 


Martin H. Israel, Chairman 
General Organising Committee 


August, 1985 



LETTER FROM THE EDITORS 

This conference marks a departure from previous conferences in this series in that 
the publication of the Conference Papers was carried out an entire continent away 
from the activities of Local Organising Committee. This posed some problems but, to 
the considerable surprise of the Publications Committee members, the one that was 
expected to be the most trouble turned out not to be significant. The overwhelming 
majority of those submitting papers and abstracts sent them to the correct address, 
not to La Jolla as was feared. We wish to thank our many authors for their alertness 
and commend them for handling a complicated situation so well. 

There are eight volumes to be distributed to the conference participants in addition 
to the Conference Program and Author Index: three volumes for OG, two for SH and 
three for HE. the detailed makeup of these volumes is described in the prefaces 
written by the Scientific Program chairmen for their respective volumes. Out of some 
1100 abstracts that were accepted by the Scientific Program Committees for inclusion 
in the conference some 929 papers were finally received in time for inclusion in the 
Conference Papers. This represents a response of approximately 84 percent, a modest 
improvement. Even if one excludes the 42 one page papers that should be considered 
as "confirming abstracts', even though there was no such formal category, the 

response was somewhat higher than that of recent years. We attribute this to the 
carrot of a later deadline than before coupled with the stick of there being no 
printing of post deadline contributed papers. We believe that this decision of the 
General Organising Committee was a wise one. Of course invited, rapporteur, and 
highlight talks will be printed in volumes to be distributed to the participants 

after the conference as usual. 

The Publications Committee had much generous help in performing its duties: from 

Goddard Space Flight Center we had the help of B. Glasser, L. Harris, E. Schronce, 

N. Smith, J. Esposito and T. Smith. From the Naval Research Laboratory we were 
helped by T. Maszotta, and at the University of Maryland M. L. Snidow and J. Mucha 
gave much needed assistance. Special thanks are due to Caryl Short, the lone staff 
member of the Publications Committee, She maintained the computer data base, 
organised the abstracts as they arrived, and kept track of the papers themselves to 
see that the finally arrived in the right place at the right time. Without her help 
the job would have been far more difficult than it was. 

PUBLICATIONS COMMITTEE August, 1985 

Frank C. Jones, Chm. 

Jim Adams 
Glen M. Mason 
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Preface to the OG Volume 8 


The contributed papers presented at the 19th International Cosmic Ray 
Conference were arranged into three major divisions: OG (for cosmic ray and 7-ray 
Origin and Galactic phenomena): SH (for Solar and Heliospheric phenomena); and 
HE (for High Energy phenomena). The OG division encompasses topics related to 
the origin of galactic cosmic rays and 7-rays, the nature and distribution of their 
sources, and their interactions with galactic fields and matter. Contributed 
papers for OG sessions wtere organized under the following headings: 

OG1 7-ray Bursts 

OG2 7-rays from Point Sources 

OG3 Diffuse 7-ray Emission 

OG4 Cosmic Ray Nuclei with <1 TeV (Composition, Spectra, and Anisotropy) 

0G5 Cosmic Ray Nuclei with >1 TeV (Composition, Spectra, and Anisotropy) 

OG6 Electrons, Positrons, and Antiprotons 

OG7 Interstellar Propagation and Nuclear Interactions 

OGB Cosmic Ray Sources and Acceleration 

0G9 Techniques and Instrumentation 

Note that the present OG division is broader than in the past; it includes papers 
from both the OG and XG divisions at previous International Cosmic Ray 
Conferences, as well as many papers previously in the T division, 

Approximately 400 preliminary abstracts were received under the OG 
headings listed above. These were organized into 32 contributed paper sessions for 
purposes of oral presentation. Papers and confirming abstracts for OG papers are 
contained in Volumes 1, 2, and 3 of these Proceedings. Volume 1 contains papers 
under headings OG1, 0G2, and OG3; Volume 2 contains OG4, OG5, and OG6; while 
0G7, OGB, and OG9 are contained in Volume 3. Papers on topics of related interest 
appear in the SH proceedings (Volumes 4 and 5) and the HE proceedings (Volumes 
6, 7, and 8). 

Four rapporteur speakers were invited to review the OG contributed paper 
sessions and report on new results and developments, areas of controversy, and 
future research directions. The written versions of these papers will appear in a 
later volume of these proceedings, along with other invited papers. 

I wish to thank the other members of the OG Program Committee for their 
help in defining the OG topics, in reading the abstracts and organizing the 
sessions, and for their advice on the selection of rapporteur, highlight, and invited 
speakers. Members of the committee include: G. L. Cassiday, Jr. (University of 
Utah); C. E. Fichtel and A. K. Harding (Goddard Space Flight Center); R. E. 
Lingenfelter and J. L. Matteson (University of California at San Diego); D. Muller 
(University of Chicago); and W. R. Webber (University of New Hampshire). 


Richard A. Mewaldt 

Chairman, OG Program Committee 



This conference is the 19th in a series. Previous conferences in this series were 
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Abstract 

Proton and helium nuclei differential spectra were gathered with 
a balloon borne magnet spectrometer . The data were fitted to the 
assumption that the differential flux can be represented by a 
power law in rigidity. In the rigidity range 10-25 GV/c the 
spectral indices were found to be -(2.74 t 0.04) for protons and 
-(2.71^-0.05) for helium nuclei. 


Introduction^. The absolute rigiditiy spectra of protons 
and Helium nuclei have become particularly important due to the 
recent measurements of secondaries of these particles. The 
recent publication of the absolute e- spectrum necessitated a 
very careful analysis of the detection efficiencies and 
sensitivities of the New Mexico State University magnetic 
spectrometer. The maximum detectable momentum for the 1976 flight 
(reported here) was 80 GV/c. During the analysis, it was found 
that magnet spectrometer measurements in general are subject to 
systematic errors that affect the spectral index but not the 
absolute flux at low energies. In this paper - we present a brief 
discussion of the systematic errors, and spectral indices for 
protons and helium nuclei in the rigidity range 10-25 GV/c. 
Absolute fluxes will be presented at the conference. 

2-. Data Analysis^ The apparatus is described in detail in 
references (1) and (2). It was comprised of (top to bottom): a 
gas Cherenkov counter (G) with a proton Cherenkov threshold of 40 
GV/c (rigidity); two plastic scintillators (SI and S2) ; 8 
multiwire proportional counters (MWPC) ; and a lead-scintillator 
shower counter consisting of 7 layers each containing 1 radiation 
length of lead (P1-P7) . The MWPC provide 8 readouts on the x 
axis (axis of bending) and 4 readouts on the (orthogonal) y axis. 
All phototubes were pulse-height analyzed. Data readout was 
initiated for all occurences of an S1*P1*P7 and/or an S1*P1*P7*G 
coincidence. The geometric factor of the instrument was 324 t 5 
cm^2-str and the live-time fraction was 0.80. The data were 
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gathered on a balloon flight from Palestine, Texas on May 20, 
1976. The data gathering period lasted 6.4 x 10^4 seconds at an 
average altitude of 5.8 gm*cm^-2. Data for the spectral analysis 
were selected from the flight tapes by requiring the following: 

(1) The charge of the particle (as determined from SI and 
S2> correspond to 0.0-1. 8 charge units for protons or 1.8-2. 7 
charge units for helium. 

(2) All MWPC readouts be valid and that the measured 
trajectory fit to a continuous track with a chi-square of 30 in 
the x axis, and 8 in the y axis. 

Failure of particles to pass the above criteria was 
dominated by criterion 2. Each MWPC is only about 90% efficient. 
The measured efficiency for passing criterion 2 was 33% for 
protons and 24% for helium nuclei. 


RestUts^ Figures la and lb 
show the proton and helium data 
gathered during the flight. The 
plots show number of events vs 
magnetic deflection (1/magnetic 
rigidity), measured in c/BV. 
The central part (deflection = 
0) of each plot represents the 
highest rigidities. Moving 
toward the right corresponds to 
lower rigidities. The decline 
in - number of particles to the 
right of 0.12 c/GV is due to the 
combined effects of solar 
modulation and the geomagnetic 
cutof f . 

The data in Figure 1 have 
been analyzed by fitting them to 
the assumption that the 
differential flux is a power law 
in rigidity. Other factors 
which enter the fit are: the 
resolution function of the 
instrument, solar modulation, 
and the exact location of the 
zero-deflection point. The 
zero-deflection point in Figure 
1 was determined by operating 
the instrument with the magnet 
off just prior to the flight. 
The center of the deflection 
distribution gathered with the 
magnet off is taken as the zero- 
deflection point, and the 
distribution of deflections is 
taken as the resolution function 
for the instrument. Figure 2 
shows the resolution function. 
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Figure 2 
Resolution 
Function 


One of the most serious sources of possible systematic 
error for spectral indices is a change in the zero-deflection 
point between the calibration and the flight. It was hoped to 
turn the magnet off at the end of the flight for another 
calibration, but the instrument operation ended abruptly due to 
battery failure and the calibration was not performed. A cross- 
check was made however, by using the G-on protons and helium 
gathered during the flight. These two samples were fit assuming 
the proton Cherenkov threshold of 40 GV/c (helium threshold of 80 
GV/c>. Since the Cherenkov thresholds are near the upper limit 
of the instrument to resolve the deflection, the dominant factor 
in the fits was the offset of the zero— def 1 ection point. The 
offset was determined to be - (0. 002±0. 002) c/GV. In order to 
minimize the effects of the offset error, solar modulation and 
possi bl e changes in the resolution function, we limit our 
analyses to the deflection range 0.1-0.04 c/GV (10-25 GV/c 
rigidity). Further , we have used a solar modulation of 600 MeV, 
which was determined using the data below 10 GV/c. Under these 
circumstances we find = -(2. 74*0. 04^ for protons and -(2. 71*0. 05> 
for helium nuclei. The uncertainty in the proton spectral index* 
is dominated by the offset uncertainty, and statistics dominates 
the uncertainty for helium nuclei. 


(1) Golden, R. L. et al . (1978), Nuc. Instr. and lieth. 148, 

179. 

(2) Golden, R. L. et al . (1984), Ap. J. 287, 622. 
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SOURCE SPECTRAL INDEX OF HEAVY COSMIC RAY NUCLEI 


J.J. Engelmann, P. Ferrando, L. Koch-Miramond, P. Masse, A. Soutoul 
Service d' Astrophysique, CEN Saclay, F-91191 Gif sur Yvette Cedex 

FRANCE 
W.R. Webber 

Space Science Center, University of New Hampshire, Durham, NH 03824 

USA 


1. Introduction. From the energy spectra of the heavy nuclei observed by 
the French-Danish experiment on HEAO-3, we have derived the source 
spectra of the mostly primary nuclei (C, O, Ne, IY£, Si, Ca and Fe) in the 
framework of an energy dependent leaky box model (Engelmann et al. 1985). 
The energy dependence of the escape length was derived from the observed 
B/C and sub-iron/ iron ratios and the presently available cross sections 
for C and Fe on H nuclei (Koch-Miramond et al., 1983). A good fit to the 
source energy spectra of all these nuclei was obtained by a power law in 
momentum with an exponent Y =-2.4+0.05 for the energy range l-25GeV/n 
(Engelmann et al. 85). Comparison with data obtained at higher energy 
suggested a progressive flattening of these spectra. 

In the present paper we want to derive more accurate spectral indices by 
using better values of the escape length based on the latest cross 
section measurements (Webber 1984, Soutoul et al. this conference). Our 
aim is also to extend the analysis to lower energies down to 0.4GeV/n 
(kinetic energy observed near earth), using data obtained by other 
groups. The only nuclei for which we have a good data base in a broad 
range of energies are O and Fe , so the present study is restricted to 
these two elements. 


2. Derivation of the source spectra. We work along the same lines as in 
Engelmann et al. 1985. We first derive the interstellar spectrum by 
"demodulating" the observed spectrum, using the "force field 
approximation" (Gleeson and Axford, 1968) ; then we correct the 

demodulated flux values for the nuclei of secondary origin produced 
the interstellar medium and for the energy loss suffered by the particles 
during their propagation. We get the interstellar flux of the "surviving" 
primaries J(E), which is related to the source strength dQ/dE by the 
relationship : _ 


dQ 


dE 


■ ocJ(e)[ — • 


1 


+ 




( E ) 

di r 'e 

where A di is the pathlength for 
the interstellar medium and \ e 
is derived in a companion paper (Soutoul 
ionization energy loss term 
particle in pure H. 

When applying this step by step procedure, we are faced with two 
difficulties : i) if the modulation correction is too large, the 
uncertainty on its value will lead to a large uncertainty in the 
interstellar flux value. To keep this kind of error at a relatively low 
level, we select among the published data those registered in such 
conditions (energy range, modulation level) that the modulation 


7>e 


m 


dx 


( 1 ) 


nuclear destruction of the element i in 
is the escape length, the value of which 
et al., 1985). c> / 7 ) E is 
and dE/dx is the stopping power of 


the 

the 
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correction on the flux values does not exceed 35%. When this condition is 
fulfilled an error of 0.10 GV on the modulation parameter around a mean 
value of 0.40GV leads to a maximum error of 10% on the flux value 
corrected for modulation. ii) For the flux value registered by a 

particular experiment at a given energy, there are two major causes of 
errors : the statistical error and a systematic error due to the 
uncertainties on the exposure factor of the instrument and on the 
atmospheric corrections for balloon experiments. If we renormalize the 
data in order to put certain flux values from different experimenters in 
agreement we introduce a subjective feeling in the choice of these flux 
values. To avoid this problem we do not try to derive from the data the 
absolute flux values but merely the spectral indices measured by each 
experimenter in given energy ranges. 


3. Data base used in this study. Our data base is listed in Table I 


Reference 

Date of 
measurement 

Mont Washington Modulation 
neutron monitor parameter 
count rate <$> GV 

Type of 
particle 

Selected 

energy 

range 

Webber 85*11 

1974, July 

2290 

0.50 

0,Fe 

0.95-6 

Webber 8^ 

1977, Sept. 

2360 

0.35 

0,Fe 

0.65-6 

Webber 85U- 1 

1974,77,78 

2300 

0.50 

0,Fe 

10.5-112 

HEAO-S®' 

1979 Oct. to 

1980 June 

2190 

0.60 

0,Fe 

1.3-25 

Juliusson 74 

1971-72 Sept 

2350 

0.40 

0 

23-76 

Orth & al.78 

1972 Sept 

2350 

0.40 

0,Fe 

2.4-11 

Maehl & al77 

1973 Aug. 

2350 

0.40 

0,Fe 

0.85-2.25 

Caldwell 77 

1974 Sept 

2310 

0.50 

0 

5.5-95 

Minagawa 81 

1975 Sept 

2404 

0.30 

Fe 

1. 5-8.0 

Simon & al80 

1976 Oct. 

2420 

0.30 

0,Fe 

2.5-630 


(1) These data consist of revisited flux values obtained in several 
balloon flights and published in Lezniak and Webber 1978 and Webber 1983. 
More accurate atmospheric corrections have been applied. 

(2) Juliusson et al., 1983 ; Engelmann et al., 1985. 

The modulation parameter Q characterising the conditions prevailing at 
the time of each experiment can be correlated to the counting rate of the 
Washington neutron monitor (Lockwood and Webber 1979, 1981). 

The interstellar energy spectra dJ/dE of O and Fe derived from these 
selected data after demodulation have been plotted in Fig. 1 as a 
function of the momentum of the particle. 

4. Res ults. As can be seen in Fig. 1, the differences between the 

experimental points obtained at the same energy are much larger than the 

errors quoted by the authors. As mentioned above this is probably due to 
errors on the geometry and efficiency of the experiments and on the 

atmospheric corrections. So we consider separately each experiment, and 

for some of them we devide the energy range they cover into several 
energy intervals. For each experiment and energy domain we derive the 
spectral index y of the source strength assumed to follow the law : 
dQ/dE = KP-« (2) 

where P is the momentum of the particle in GeV/c/n. The values of the 
y index for O and Fe have been plotted as a function of momentum in 
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Fig. 2 and 3 respectively. 

For O the data seem to be consistent with a constant y index above 
4GeV/c/n with a weighted mean value y o =2.29+0.03 (Note that the HEAO 
results are significantly above the average ; excluding these data would 
lead to a weighted mean ^ 0 =2. 22+0.04) . Below 4GeV/c/n, the index seems 
to increase when the momentum decreases, up to Y Q ^ 2.9 at 
1.5GeV/c/n. For Fe we find for the weighted mean a value ofj Fe =2.36+0.05 
which is nearly the same as that found for 0 at high energy. But the 
increase observed for O at low energy does not seem present for Fe, 
although the large error bars and the scarcity of the points at low 
energy prevent us from drawing any definite conclusion. 

The quoted errors on y are due to the errors on the flux values and to 
the spread of the corresponding points. If we include in addition the 
error on)* e due to cross section errors on the production of B by 
spallation of heavier nuclei and of Fe secondaries by spallation of Fe, 
we get the final values \ (H.E. )=2.29+0.06 and p e =2. 36+0. 07. Therefore 

a unique power law in momentum does not hold for the O source spectrum. 
What about a power law in total energy, which we have used earlier 
(Perron et al., 1981)?: 

dQ/dE = K' E” ' (3) 

Tot 

The y ' index values from the experimental data have been plotted as a 
function of the kinetic energy for O nuclei in Fig. 4. The weighted 
mean y value above 3 GeV/n is again 2.29+0.03 and the same type of 
increase is observed when going towards lower energies. 

It is worthwhile to stress that this type of increase cannot be due to an 
error in the modulation correction (unless the modulation theory is 
grossly in error). An error of +0.1GV around an average value of 0.4GV 
for the modulation parameter would lead to an error of +0.07 on the 
spectral index around lGeV/n, i.e. about 10 times less than the index 
variation observed between 1 and 3GeV/n (interstellar kinetic energy). 

4. Conclusion. We find, at least for O nuclei an apparent increase of the 
y index of the source spectrum below 3GeV/n. Is this low energy steepe- 
ning of the spectrum real ? As discussed above, the careful selection of 
the data used in this study should prevent the demodulat ion to be respon- 
sible for this result. As concerns the partial cross sections from which 
the escape length is derived, the uncertainty in their values may intro- 
duce an error on the source abundances. If some energy dependences were 
left on the cross section errors, these would propagate into an error on 
the source spectral index. It is precisely in the energy region where the 
Y index is changing (0.8 to 3GeV/n) that the cross sections were measu- 
red with the best accuracy (Webber, 1984) . From the quoted errors, we 
calculate that a possible energy dependence on could be responsible at 
maximum for an apparent slope of 0.05, far smaller than the observed 
"!( variation. 

This apparent increase of the source spectrum at low energy can be 
brought together with the flattening of the CNO source spectrum observed 
in the TeV energy region (Engelmann et al. 1985). It is in agreement with 
our suggestion that a soft component with a source spectral index around 
2.7 may be superposed on a common source spectrum, including H and He, 
with a spectral index 2.1. In the few GeV/ range, both components would 
contribute to the observed flux of heavies, leading to a spectral index 
around 2.3 . 
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Fig. 1 : Near-earth interstellar 

spectra of O and Fe nuclei, derived 
from experimental data corrected for 
the effect of solar modulation. The 
differential energy flux values have 
been plotted as a function of the 
momentum P. The spectra have been 
"|lgttened" by multiplication by 
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Fig. 2 : Oxygen source spectral 
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tral shape a power law in momentum. 
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Fig. 3 : Iron source spectral index 
plotted as a function of momentum, 
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CHARGE AMD ENERGY DEPENDENCE OF THE RESIDENCE TIME OF 
COSMIC RAY NUCLEI BELOW 15 GEV/NUCLEON 

A. Soutoul, J.J. Engelmann, Ph. Ferrando , L. Koch-Miramond , P. Masse 
Service d ' Astrophysique , CENSaclay, F-91191 Gif sur Yvette CEDEX FRANCE 

W.R. Webber 

Space Science Center, University of New Hamsphire, Durham, NH03824 USA 


1 INTRODUCTION. 

The relative abundance of nuclear species measured in cosmic rays at earth 
has often been interpreted with the simple leaky box model. For this model to 
be consistent an essential requirement is that the escape length does not 
depend on the nuclear species. The discrepancy between escape length values 
derived from iron secondaries and from the B/C ratio was identified by 
Garcia-Munoz and his co-workers using a large amount of experimental data 
[7-10] . Ormes and Protheroe found a similar trend in the HEAO data although 
they questioned its significance against uncertainties [9]. They also showed 
that the change in the B/C ratio values implies a decrease of the residence 
time of cosmic rays at low energies in conflict with the diffusive convective 
picture [11-12]. These conclusions crucially depend on the partial cross 
section values and their uncertainties. Recently new accurate cross sections 
of key importance for propagation calculations have been measured [6] Their 
statistical uncertainties are often better than 4% and their values 
significantly different from those previously accepted [6]. In this paper we 
use these new cross sections to compare the observed B/C+O and (Sc to Cr)/Fe 
ratio to those predicted with the simple leaky box model. 

2 PROPAGATION CALCULATIONS. 

We have used the Comstock computer code previously used by Koch et al, Perron 
et al. [1-2-3]. The calculation is performed for the simple leaky box model, 
with an exponential distribution of path lengths in pure hydrogen and takes 
into account (3-decay for long lived species , ionisation energy losses and solar 
modulation using the force field approximation [4] . 

The neglect of interstellar helium in propagation calculations is questionable 
(see OG 7.2-11 this conference). 

The input source spectra are identical for all species with a power law in 
momentum [5]. 

Nuclear cross sections are based on experimental data wherever possible and 
are listed in Perron et al. [2]. The cross sections for boron and iron 
secondaries are those measured by Webber [6]. We otherwise use Silberberg and 
Tsao's formulae [19]. 

The computer code uses a stepwise procedure to solve the set of first order 
differential equations. In the energy and charge range of this paper the 
energy loss term cannot be neglected and we have checked that it is accurately 
calculated.. 


3 RESULTS. 

Above 1 GeV/n and at low energies we analyse satellite data which are free 
from atmospheric effects and have high statistical accuracy [7-8]. At 
intermediate energies we analyse balloon data as well [13-14-15-16-17-18]. 
The experimental data for the B/C+O ratio are shown in figure 1. This ratio was 



9 


OG 4.1-3 


chosen because it is relatively insensitive to possible small differences 
between observed and computed C/0 ratio throughout the whole energy range [5]. 
Also we adjust the source abundances especially those of the main progenitors 
of boron so that their calculated abundances are close enough to their observed 
values . 

We first compare the calculation to the HEAO B/C+O data. The deceleration 
parameter appropriate for these data is taken equal to 600MV [5]. We try values 
of the mean escape length varying with energy according to: 

(1) Xesc=Xto*0*R“ S R > 5.5GV 

Xesc=Xi}*0*5.5”’ 6 R < 5.5GV 

where R and 0 are the interstellar values of the rigidity and the velocity 
relative to that of light. 

We find that Xb=24.0 g/cm 2 and 6=.65 provide a reasonably good agreement in 
the HEAO energy range (see figurel). 

Then we perform a set of propagation calculations with a grid of slightly 
different values of Xb around its nominal value. From this we can derive the 
values of Xesc which precisely yield all the observed B/C+O values and their 
statistical uncertainties as well ( figure 3 ) . 

This procedure is repeated for the (Sc to Cr)/Fe ratio with trial functions: 

(2) Xesc=Xf *0* ( 1+ .4/Ekin ) *R - ^ R > 5.5GV 

Xesc=Xf*0*(l+.4/Ekin)*5.5 _i> R < 5.5GV 

where Ekin is the interstellar kinetic energy in GeV/n. The term in 
parenthesis takes conveniently care of a steepening that is not present in the 
B/C+O data. Good agreement with the data is found for Xf=26.8 g/cm 2 and S=.65 
(see figure2). From a set of propagation calculations with different Xf we 
derive the Xesc values yielding each experimental point (figure 3). 

We then compare the B/C+O ratio calculated with (l) to the low energy data. 

For this ratio the calculation is dependent on the adopted solar modulation 
level. Figure 1 shows the calculated curves for 490MV and 350MV [7] (See also 
OG 4.1-2 this conference). We also wish to check the sensitivity of these 
results to the adopted 0 dependence in (l) (constant residence time below 
5 . 5GV ) . The ratio calculated with a mean escape length independent of energy 
and equal to 7 g/cm 2 is plotted on figure 1 for the same levels of modulation 
as above. 

For the (Sc to Cr)/Fe the low energy results of calculations with constant 
escape length are shown on figure 2. Three distinct values are considered: 
7g/cm 2 , which is appropriate for comparison to the low energy B/C+O data; 
llg/cm 2 consistent with that found around 2GeV/n and finally an infinite 
escape length correspondind to complete confinement. 

4 DISCUSSION. 

The abundance ratio calculated with (1) and (2) and a deceleration parameter 
of 600MV agree reasonably well with the HEAO data ( figure 1 and 2 ) . 

Perron et al. have suggested that these data are consistent with larger values 
of 8 than previously calculated from balloon data [2]. Further calculations 
showed that even larger values of 8 would provide a better fit [3-9]. our 
adopted value of 8 is in agrement with these results. The flattening in Xesc 
for boron is not observed for iron secondaries, in the HEAO data (see figure 
3). This difference could be even more marked below lGeV/n although large 
statistical uncertainties of the (Sc to Cr)/Fe ratio in balloon data do not 
allow to draw firm conclusions. Interestingly enough the low energy satellite 
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data and the HEAO data around 1 GeV/n are consistent with the same value of 
Xesc within uncertainties for iron secondaries (see figure 2). 

At low energies the dependence of the escape length with energy from the B/C+0 
ratio is less than previously reported [7-9-10]. Indeed if a modulation level 
as low as 350MV is adopted a constant grammage(7 g/cm 2 ) would keep agreement 
with the B/C+O data, whereas for a larger modulation level a constant 
residence time would agree better . 

The values of Xesc yielding the experimental HEAO ratio are shown in figure 3 
together with those calculated from (1) and (2). The differences between the 
escape length values derived from iron secondaries and from boron are 
statistically significant especially below 4 GeV/n. They are larger than 
those reported by Koch et al. and similar to those from Ormes and Protheroe 
[3-9]. At low energies, calculations with the escape length from B/C+0 ratio 
underestimate iron secondaries by a large factor (see figure 2). Above lGeV 
the (Sc to Cr)/Fe ratio predicted from (1) is also plotted on figure2. The 
underestimate of this ratio resulting from the use of (l) could be accounted 
for by a 5% overestimate of partial cross sections for boron and an 
underestimate of similar amount for those of subiron secondaries. Systematic 
errors can be generated by the calculation of cross sections. Partial cross 
sections from iron have been accurately measured at several energies below 
2GeV/n and show a rather steep and quite consistent energy dependence [6]. 
Starting from this grid the program calculates the cross sections at all other 
energies. We estimate that for reasonably smooth interpolation , possible 
systematic errors on the calculated ratio below 2 GeV/n cure less than 4% for 
iron secondaries and even smaller for boron where partial cross sections are 
nearly independent of energy. 

5 CONCLUSION. 

We have compared the observed B/C+0 and (Sc to Cr)/Fe ratio between 100 MeV/n 
and 15 GeV/n to those calculated with the simple leaky box model. This calcu- 
lation incorporates several important cross sections recently measured with 
high accuracy [6]. The large energy range considered here allows a detailed 
study of their energy dependence. At high energies our adopted rigidity 
dependence agrees well with previous studies [3-9]. 

For the B/C+0 ratio the data from 2 GeV/n down to 100 MeV/n can be accounted for 
with a constant escape length if the modulation is moderately strong(350MV) . 
If the modulation is as strong as 500MV a turn over may be present around 
2. GeV/n and a constant residence time consistent with diffusion convection 
theory would agree better with the data [12]. 

The (Sc to Cr)/Fe ratio is less sensitive than the B/C+O ratio to the precise 
shape of the escape length energy dependence below 2Gev/n. The IMP data at low 
energy and the HEAO data below 2Gev/n can be accounted for with similar values 
of the escape length within uncertainties, whereas at intermediate energies 
larger values would provide a better agreement with the ballon data. 

However , our calculations fails to reproduce the observed ratios with the same 
escape length for boron and iron secondaries. This effect is quite marked at 
low energies and it is still present in the HEAO data at least up to 4GeV/n. 
Part of this discrepancy may be due to our interpolation of partial cross sec- 
tions. Some truncation of pathlength may be indicated by the low and high 
energy data as well [7-10]. 
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FIG 1- B/C+O RATIO 
Full lines: calculated with formula 
(1). See text. 

Dashed lines: calculated with escape 
length 7 g/cm2. Modulation level as 
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FIG 2- (Sc to Cr)/Fe RATIO 
Full lines: calculated with formula 
( 1 ) or ( 2 ) . See text . 
Dashed lines calculated with constant 
escape length. From top to bottom: 
infinite (complete confinement), 
Xesc=ll g/cm2 , Xesc=7 g/cm2 


FIG 3- ESCAPE LENGTH IN PURE HYDROGEN 
FROM THE HEAO DATA. 

Data points escape length values from 
observed ratio of fig 1 and fig 2. 
Uncertainties : statistical only . 
Full lines : calculated from formula(l) 
(bottom) and formula(2) (top). 
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RELATIVE ABUNDANCES OF SUB-IRON TO IRON NUCLEI IN 
LOW ENERGY (50-250 MeV/N) COSMIC RAYS AS OBSERVED 
IN THE SKY LAB EXPERIMENT 

N.Durga prasad, J.S.Yadav and S. Biswas 
Tata Institute of Fundamental Research, Bombay 400005 

India, 


ABSTRACT 


A Lexan polycarbonate detector exposed on the 
exterior of Skylab-3 for 73 days during a solar 
quiet period was used to study the relative 
abundances of calcium to nickel ions in low 
energy cosmic rays of 50-250 MeV/N, The method 
of charge identification is based on the measure- 
ment of conelength (L) and residual range (R) of 
these particles in various Lexan sheets. Since 
more than one cone (sometimes as many as five) 
is observed and is measured, the charge accuracy 
becomes precise and accurate. The ratio of 
(calcium to manganese) to (iron and cobalt) 
obtained at three energy intervals of 50-80, 

80-150, 150-250 and 50-250 MeV/N are 7.6 + 3.8, 

2.7 + 0.8, 1.4 + 0.6 and 3.3 + 0.7 respectively. 

These data thus“indicate a large increase of 
this ratio with decreasing energy. The origin 
of this strong energy dependence is not under- 
stood at present. 

1 .Introduction . The origin and propagation of low energy 
(<2(X) MeV/N) cosmic ray nuclei in source regions, inter- 
stellar space and interplanetary space could be inferred 
from a study of the composition and energy spectra of 
calcium to nickel nuclei of the same energy. For this 
purpose, it is assumed that iron is the most abundant 
element in this group in the source region. It is further 
assumed that most of the other elements (calcium to 
manganese) result from the spallation of iron nuclei in 
the interstellar medium. The balloon studies relate to 
particles of energy above 200 MeV/N. The intensity of 
calcium to iron ions in the vicinity of the earth are 
quite low, so that fairly large detector areas with long 
exposure times outside the earth's atmosphere are 
necessary to study the nuclei in the cosmic radiation. 

In the present work, we report the results of fluences 
and relative abundances of calcium to nickel ions in the 
energy range 50-250 MeV/N. The detector used is a plastic 
Lexan polycarbonate detector of collecting power 
1.1 x 10 y cm 2 sec exposed for 73 days during a solar quiet 
time, from 22nd Nov. 1973 1800 UT to 2nd Feb. 1974 1800 UT. 
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No prominent solar activity was recorded during this 
period. Thus low energy galactic cosmic ray nuclei could 
be easily observed at the Skylab orbit. The method and 
accuracy of charge identification used, the estimation of 
energy, fluences and relative abundances were described 
earlier (Biswas and Durgaprasad 1980). A discussion of the 
results will be made in the third section. Earlier results 
of the work were reported before (Biswas et al.,1975, 
Durgaprasad et al.,1979 and Ramadurai et al.,1984). 

2. Experimental Procedure . A stack of 32 sheets of Lexan 
polycarbonate sheets, each of dimensions 20 x 8.8 x 0.025 
cm, covered with aluminium foil of various thicknesses 
ranging from 27 mg cm” 2 to 108 mg cm*“ 2 was used to record 
nuclei from calcium to iron. Actual dimensions of sheets 
used in this analysis, is one-fourth sheet, each of 
dimensions 10 x4.4 x 0.025 cm. The top ten and bottom ten 
sheets of 32 plates were scanned for double cones and 
followed further till they were either brought to rest or 
left the stack. An area of about 25.0 cm 2 was scanned in 
each of the top ten sheets. The trajectories of the 
tracks were followed through the stack, until the end of 
their ranges. Tracks due to heavy nuclei entering through 
the top surface and stopping in the first ten sheets were 
used for analysis of particles of energy around 60 MeV/N, 
while those stopping in the bottom ten sheets were used 
for analysis of particles around 150 MeV/N. The 
measurement and analysis of track parameters were done 
according to standard procedures (see for details Biswas 
and Durgaprasad, 1980). 

The charge calibration of nuclei was done as follows: 
For each nucleus, track conelength ( L ) vs residual range (ft) 
plots were made. In such a plot, well defined groups of 
tracks occurring for tracks of R < 100n were assigned to 
oxygen. The highest range points were ascribed to iron 
nuclei. Calcium to iron nuclei in passing through the 
stack give rise to various cones before coming to rest. 
Charge assignment for each cone has been made to the 
nearest charge = 0.1. A nucleus may produce more 
than one cone. In such a case, the most probable value 
is estimated to the nearest value of 0.1 charge accuracy 
(AZ/Vn where n is the number of cones). 

Charge values have been assigned to all the cones 
and later to the incident nuclei. From the residual range 
and charge value, the energies have been assigned using 
the range-energy relationship of Henke and Benton (1967). 
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3. Results and Discussion . In Table 1, we show the 
fluences of particles of charges ranging from 20 to 27 for 
energy intervals of 50— 80, 80—150, 150—250 and 50—250 MeYrN. 


Table 1 - Relative Abundances(R, A) of 

Ca-Co Nuclei in Sky lab Experiment 


E 

Z 

50-80 MeV/N 

N ft.A. 

80-150 MeV/N 
~N R.A. 

150-250 MeV/N 
N R.A. 

50-250 
MeV7fT 
N R.A. 

20 

6 

1.52 

3 

0.37 

2 

0.81 

11 

0.67 

21 

1 

0.25 

3 

0.39 

0 

0.00 

4 

0.26 

22 

7 

1.76 

8 

0.97 

0 

0.00 

15 

0.91 

23 

5 

1.27 

3 

0.36 

1 

0.33 

9 

0. 54 

24 

9 

2.30 

7 

0.77 

0 

0.00 

16 

0.90 

20-24 

28 

7.11 

24 

2.86 

3 

1.15 

55 

3.29 

25 

2 

0.48 

3 

0.34 

1 

0.21 

6 

0.33 

20-25 

30 

7.59 

27 

3.20 

4 

1.35 

61 

3.61 

26 

4 

1.00 

10 

1.00 

5 

1.00 

19 

1.00 

27 

0 

0.00 

2 

0.19 

0 

0.00 

2 

0.10 

26-27 

4 

1.00 

12 

1.19 

5 

1.00 

21 

1.10 

25-27 

6 

1.48 

15 

1.53 

6 

1.21 

27 

1.43 

Ratio 









20-24 

25=2? 

4.8 

+ 2 * 2 

1.9 

+ 0.6 

1 . 

0 + 0.7 

2.30+ 0.5 

20-25 

25=27 

7.6 

+ 3.8 

2.7 

+ 0.8 

1 . 

4 + 0.6 

3.3 

+ 0.7 


The relative abundances of the particles of charges of 
Z ■ 20-24 and Z * 20-25 as well as of Z * 25-27 are shown 
in this table. It can be seen from this table that nuclei 
of even charge Z « 20, 22, 24 are as abundant, if not more 
than, as iron nuclei in the low energy 50-80 MeV/N range. 
Their abundances decrease with increasing energy. The 
ratios of Z a 20-25/26-27 in the energy intervals of 50-80, 
80^150, 150-250 and 50-250 MeV/N are 7.6 + 3.8, 2.7 + 0.8, 
1.4 + 0.6 and 3.3 + 0.7. 
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In Fig. 1, we plot the ratio Ca-Mn/Fe obtained in balloon 
and other experiments. This ratio also shows a decreasing 

trend 
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Fig. 1 Ratio of abundances of (Ca-Mn) to (Fe+Ca) 
group as a function of energy. 
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COSMIC RAY CHARGE AND ENERGY SPECTRUM 
MEASUREMENTS USING A NEW LARGE AREA CERENKOV x 

dE/dx TELESCOPE 

W. R. Webber, J. C. Kish. Sc D. A. Schrisr 
Space Science Center 
University of New Hampshire 
Durham, NH 03884 


1, Introduction. A detailed study of the energy spectra and relative abundance of Z = 
4-14 nuclei contains valuable information relating to the acceleration and 
propagation of cosmic rays in the galaxy. Nuclei such as C, 0, Ne, Mg and Si are mainly 
source nuclei and possible differences in their spectra at both high and low energies 
are sensitive measures of cosmic ray source spectra and propagation effects. Nuclei 
such as Be. B and N are mainly produced by interstellar fragmentation and their 
relative abundances provide a direct measure of the interstellar path length as a 
function of energy. 

The most precise and complete study of the relative abundances of these nuclei is 
from the French-Danish experiment on board HEAO-3. This experiment, which flew in 
1979-80, measured nuclei with Z = 4 - 30. over the energy range ~ 1 - 15 GeV/nuc. 
Engelmann et al., 19B3. Absolute intensities were not reported in this experiment and 
a possible energy dependent bias in the flash tube efficiency for lower Z nuclei could 
affect the B/C ratio. 

p 

We have flown in September, 1961, a new 0.5m ster cosmic ray telescope to study the 
charge composition and energy spectrum of cosmic ray nuclei between 0.3 and 4 
GeV/nuc. A high resolution Cerenkov counter, and three dE/dx measuring 
scintillation counters, including two position scintillators were contained in the 
telescope used for the charge and energy spectrum measurements. The analysis 
procedures did not require any large charge or energy dependent corrections, and 
absolute fluxes could be obtained to an accuracy ~ 5%. The spectral measurements 
made in 1981, at a time of extreme solar modulation, could be compared with 
measurements with a similar telescope made by our group in 1977, at a tune of 
minimum modulation and can be used to derive absolute intensity values for the HEAO 
measurements made in 1979-BO. Using both data sets precise energy spectra and 
abundance ratios can be derived over the entire energy range from 0.3 to greater 
than 15 GeV/nuc. 

1. 1nstmment.ftt.inn & Data Analysis. The telescope used in these studies is shown in 
Figure la. The registration of an event is accomplished by a coincidence between PS1 
& PS2, defining a geometry factor of 0.46 ± 0.01 m -ster. The total live time is 95,800 
sec. including a measured data analysis and transmission efficiency of 0.93 ± 0.01, 
giving an A G t of 44,050m -ster-sec. To obtain absolute intensities at the instrument 
the observed events need only be divided by A G t. All events are initially accepted for 
analysis, however consistency criteria are placed on the relative outputs of the three 
separate dE/dx counters to remove nuclear interactions etc. in the telescope. 
Matrices of Cl vs. the avg. of the three S counters, subject to these criteria, exhibit 
clearly defined charge lines as shown in Figure lb and these matrices are directly 
used to obtain the various charge abundances. The major source of charge dependent 
uncertainity in the absolute abundances, and in the ratios we derive, comes from the 



above consistency criterion correction which varieB from 1.217 for B to 1.0B6 for S. 
Finally to^correct the Intensities to the top of the atmosphere one mustxonsider the 
7.1 g/cn ? of material in the telescope and gondola and the 3.6 g/cccr of residual 
atmosphere. This correction amounts to a factor of 1.596 for Oxygen nuclei with an 
uncertainty of ± 5%. This correction ranges from 1.332 for B to I.BB7 for S, and the 
relative uncertainty in the ratios o f this correction is less than 3%. 

For each charge we have constructed a histogram of events in the C dimension from 
the matrices as illustrated in Figure lb. Histograms for Be through 0 nuclei are shown 
in Figure 2. This distribution of events vs. C/ C TT|ftV may be transformed into an energy 
spectrum using deconvolution procedures simflerto those discussed by Lezniak, 1975. 
In this approach there are several key steps. First the /? = 1 point must be determined 
for each charge to an accureacy of < 1%. Second the resolution function for /? = 1 
particles for each charge must be determined and finally an appropriate Cerenkov 
relation modified for residual scintillation and knock-on electrons must be used to 
transform from Cerenkov output to energy. Space does not permit these procedures 
to be discussed in detail, however there are many tests that can be used to verify 
their accuracy. When one is comparing ratios of adjacent charges, for example, it is 
useful to form ratios of events vs. C/C mfty such as shown in Figure 3 for B/C. The 
instrumental effects that could changelhis ratio are easily identified (e.g. the 
increase above C/C ^^ = 1.0 is caused by the different resolution for B and C nuclei) 
and most of the c hang e that is observed is believed to be due to a real change in the 
B/C ratio with energy. 

3. Data and Discussion. In Figure 4 we show the B/C ratio derived from this 
measurement and that observed by Engelmann et al., 19B3. In general, there is quite 
good agreement, but below ~ 3 GeV/nuc our values of this ratio are lower by ~ 5-10%. 
Some of this difference may be due to the larger solar modulation at the time of our 
measurement but we believe there is also a significant difference in the two results in 
this energy range. Since this ratio is used by most workers to derive the amount of 
interstellar material traversed as well as its energy dependence, this result will lead to 
modifications of these conclusions. In Figure 5 we show that N/0 ratio derived from 
this measurement and that reported by Engelmann et al., 19B3. Here the agreement is 
excellent. We are not aware of any charge or energy dependent effects in our analysis 
that could produce differences of > 1-2% in our relative B/C and N/O ratios and this 
N/0 measurement therefore seems to support the suggestion of a systematic effect in 
the B/C ratio. 

In Figure 6 we show the Oxygen spectrum derived from this work as well as the 
spectrum previously reported from a 1977 balloon flight with a similar type of 
instrument (Webber et al., 1979). The earlier reported spectra have been modified 
slightly as a result of using improved data analysis procedures compatible with the 
analysis of the 1981 balloon flight data. It is seen that the intensity in 19B1 is a factor 
~ 2 lower at 1 GeV/nuc than in 1977. This is compatible with the Mt. Washington 
neutron monitor rates on the dates of the two measurements, which were 2365 in 1977 
and 21 IB in 19B1 for a decrease of 10.5%. At the time of the HEAO measurement in 
1979-80 we obtain an average neutron monitor rate = 2190, and the HEAO spectrum, 
normalized accordingly, is shown in Figure 6. This spectrum is ~ 30% lower than that 
utilized by Enge lmann et al., 19B4 where they normalized to intensity measurements 
made at 1 0 GeV/nuc. However with this new normalization, which essentially fits data 
between ~ 0.7 and 4.0 GeV/nuc, the HEAO intensities above ~ 10 GeV/nuc are now ~ 
30% lower than the average reported intensities from several observers. This suggests 
possible systematic differences between the high and low energy spectra ~ 30%, which 
could distort the spectral shape of the derived interstellar energy spectrum in this 
energy range. 



18 


OG 4.1*5 


In Table I we present Integral intensities of various nuclei > 400 MeV/nuc and 4 
GeV/nuc obtained in 1061, that may be used to compare with earlier values reported 
In the literature. 
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6. Figure Captions. 

Figure la, b. Outline drawing of telescope and matrix of C, N, 0 events. 

Figure 2. Cerenkov distributions for Be-0 nuclei. Estimated resolution for (9=1 
particles is shown. 

Figure 3. Ratio of B/C events as a function of C/C m . 

Figure 4. Observed B/C ratio at top of atmosphere in 1061. HEAO data from 
Engelmann et al., 1083 also shown. 

Figure 5. Observed N/O ratio + HEAO data. g 

Figure 6. Observed Oxygen spectra in 1077 and 10B1 ( xE* 5,0 ) along with normalized 
HEAO spectrum. 
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Table I 


Absolute Intensities 
At Top of Atmosphere 
Aug. 27-28, 1981 
Balloon Flight 


> 400 MeV/nuc 

> 4.0 GeV/nuc 

9258c a 

- 0.314p b 

2,328c - 0.0764p 

28,824c 

- 0.937p 

7,140c - 0.215p 

100,860c 

- 3.28p 

28,020c ->■ 0.876p 

26,526c 

0.898p 

6,960c - 0.224p 

89,184c 

3.03p 

26,105c ->■ 0.845p 

14,436c 

0.498p 

4,241c - 0.143P 

17,604c 

+ 0.632p 

5,304c 0.186p 

13,056c 

-v 0.487p 

3,876c -► 0.144p 

2,832c 

+ 0. 109p 

862c ■+ 0.0327p 


Number of events observed after selection criteria 

Intensity at top of atmosphere in particles/m 2 
ster-sec. s peters 


(Particles m" 2 -ster’' sec" 1 (GeV/nuc )'- 5 ) 
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A MEASUREMENT OF THE COSMIC RAY ELEMENTS C TO Fe 
IN THE TWO ENERGY INTERVALS 0. 5-2.0 GeV/n AND 20-60 GeV/n 


J.H. Derrickson, T.A. Parnell, and J.W. Watts 
Space Science Laboratory, NASA, Marshall Space Flight 

Center, USA 


J.C. Gregory 

Department of Chemistry, University of Alabama Huntsville, 

Huntsville, Alabama 


Introduction. The study of the cosmic ray abundances beyond 
20 GeV/n provides additional information on the propagation 
and containment of the cosmic rays in the galaxy. Since the 
average amount of interstellar material traversed by cosmic 
rays decreases as its energy increases, the source com- 
position undergoes less distortion in this higher energy 
region. However, data over a wide energy range is necessary 
to study propagation parameters. We present some measure- 
ments of some of the primary cosmic ray abundance ratios at 
both low (near 2 GeV/n) and high (above 20 GeV/n) energy and 
compare them to the predictions of the leaky box model. In 
particular, the integrated values (above 23.7 GeV/n) for the 
more abundant cosmic ray elements in the interval C through 
Fe and the differential flux for carbon, oxygen, and the 
Ne,Mg,Si group will be presented. Limited statistics have 
prevented the inclusion of the odd Z elements. 

Instrument and the Exposure. The instrument has been 
previously described [1] and will be briefly reviewed here 
with the exposure parameters. The apparatus consists of a 
freon -12 gas Cerenkov detector (index of refraction = 
1.001) for differential energy measurements between 20 and 
60 GeV/n. Two banks of six 5-inch photomultiplier tubes 
viewed the freon gas which was contained in a thin 
fiberglass tank lined with millipore paper. The pulse 
height information from each set of tubes allowed correction 
for those cosmic ray events where a particle passage or 
delta rays obviously affected one bank of tubes. Two solid 
Cerenkov radiators (teflon and lucite) were included for 
charge identification. The teflon (effective index = 1.36) 
and pilot 425 (effective index = 1.52) radiators were placed 
in individual white boxes coated with BaSC >4 paint and each 
was observed by eight 5-inch photomultiplier tubes. 
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To further aid in event selection, two dual gap ion 
chambers filled with Xenon and a plastic scintillator (NE 
102) were included. The scintillator was also housed in a 
light collecting box viewed by four tubes. An eight plane 
multi-wire hodoscope was used to determine the particle tra- 
jectory through the instrument. The track information was 
used in correcting the pulse height information for path 
length variations and for nonuniform response in the detec- 
tors, and it was an effective tool in removing background 
events such as showers, fragmentation events, and events 
outside the defined geometry of the experiment. For the 
detector arrangement, refer to Figure 2 in reference [1] . 
This instrument was flown from Pierre, South Dakota in 
September of 1978 at an average depth in the atmosphere of 
3.6 g/cm . The collection factor for the flight was 2.8 
ster.hrs. 

Corrections to the Data. The track fitting routines 
screened the majority of atmospheric showers, some interact- 
ing events, and events that missed one or more of the detec- 
tors. The detector signals were corrected for the path 
length difference and the nonuniformity in detector 
response. Pulse height consistency criteria were then 
applied to eliminate remaining background events, mainly 
those interacting in the instrument. The energy calibration 
of the freon-12 Cerenkov counter was accomplished by isolat- 
ing the elements and finding saturation values (3 = 1). For 
oxygen, close to 150 photoelectrons were collected. Eight 
percent of this saturation signal was a scintillation com- 
ponent due to various effects including energetic delta 
rays. With this information, the energy measurement was 
unfolded following the method found in the appendix of 
reference [2] . The charge of the events above 20 GeV/n was 
determined by summing the saturated signals of the lucite 
and teflon Cerenkov detectors. The charge resolution (a) 
obtained for events with kinetic energy >25 GeV/n was 
slightly better than 0.25. The separation into charge 
groups was done as suggested in both references [2] and [3] . 
The even integer charge is defined as Z even ± 0.625, and the 
odd integer charge is ± 0.375. The charge deconvolu- 

tion or overlap corrections for C, N, and 0 are respectively 
0.98, 1.09, 0.99 for energies greater than 25 GeV/n. 

Finally nuclear fragmentation corrections for both the 
instrument and overlying atmosphere were performed according 
to the method outlined in reference [4] with the fragmen- 
tation cross-sections taken from reference [5] . The cross- 
sections were evaluated in the asymtotic region (E = 2 

GeV/n) and applied to the 25 to 60 GeV/n energy interval 
with the assumption that the scaling correction is minor. 

Results and Conclusions The results of the 1978 flight are 
listed in Tables I and II. The errors guoted are based on 
counting statistics only. 
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Table I 


(E k > 23.7 GeV Per nucleon) 


Integrated Flux 


in particles/(M 2, Ster*Secs) 


c 

(5.2 ± 0.3) 

X 

10-2 

N 

(1.2 ± 0.1) 

X 

10"2 

0 

(5.3 ± 0.3) 

X 

10-2 

Ne 

(1.1 ± 0.1) 

X 

10"2 

Mg 

(1.2 ± 0.1) 

X 

10-2 

Si 

(8.8 ± 1.3) 

X 

lO -3 

MnFeCo 

(5.9 ± 1.1) 

X 

io"- 3 

* Normalized 

to Oxygen 

Table II 


Differential Flux 


Ratios 




0.98 ± 0.08 
0.23 ± 0.02 
1.00 ± 0.08 
0.21 ± 0.02 
0.23 ± 0.02 
0.17 ± 0.03 
0.11 ± 0.02 


in part ic les/ ( M 2 *S ter* Secs *GeV per nucleon) 
(N ± AN)~ m = (N ± An) x 10 m 


Kinetic Energy 

(GeV/n) Carbon Oxygen NeM g s l 


25.8 

(3.6 

± 

0.3 )~l 

(3.6 

± 

0.4)-3 

(2.3 

± 

0 . 3 ) “ 3 

30.0 

(2.7 

± 

0.3)—^ 

(2.3 

± 

0.3)“:* 

(1.4 

± 

o . 2 ) “ 

33.9 

(1.6 

± 

0.2)"f 

(1.7 

± 

0 * 3) l4 

(8.3 

± 

1.9) * 

39.8 

(7.2 

± 

l.l)" 4 

(9.3 

± 


(4.4 

± 

1.0) ’ 

50.6 

(1.9 

± 

0 . 4 ) “ 4 

(2.3 

± 

0.5) J 

(1.6 

± 

0.5) , 

61.8 

(4.6 

± 

0.8)“ 4 

(3.7 

± 

0.8) 4 

(2.5 

± 

0.7) 4 


The data is in general agreement with previous balloon 
results. A comparison of the ratios in Table I with the 
French-Danish experiment on HEAO-3 [6] is within one to two 
sigma of their values at 25 GeV/n except for the ratio Ne/O. 

In Table III, we have selected some key primary to 
primary cosmic-ray abundance ratios at two widely separated 
energies. The lower energy values were taken from a 1976 
balloon flight experiment that is fully described in 
reference [7] . 


Table III 


'76' Experiment 
E^ = 1.2 GeV per nucleon 


This Experiment 
E k > 23.7 GeV per nucleon 


O/C 0.91 ± 0.02* 

t'e/O 0.086 ± 0.006 

Si/Fe 2.08 ± 0.16 

* Statistical error only 


1.02 ± 0.08 
0.111 ± 0.022 
1.49 ± 0.35 
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These ratios seem consistent with the phenomenological 
leaky box model for cosmic-ray propagation described in 
reference [8] . Specifically we compared our 0/C data to the 
theoretical prediction plotted on figure 15 of reference 
[8] . Taking note of the uncertainty in our data, we find 
good agreement with this propagation model that uses the 
source abundarices of Shapiro, Silberberg, and Tsao [9], 
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Relative Abundances of Elements (20<Z<28) at Energies 
up to 70GeV/amu Using Relativistic Rise in Ion Chambers 

S.D. Barthelmy M.H. Israel, J. Klarmann 

Physics Department and McDonnell Center for the Space Sciences 
Washington University, St. Louis, Missouri 63130, USA 


1. Introduction This paper reports on the results of a new balloon borne cosmic ray 
detector flown from Palestine, TX in Sept 1982. The exposure of 62 m 2 -ster-hr is sufficient 
to prove the concept of using gas ionization chambers as energy measuring devices in the 
relativistic rise region. We have measured the abundances, relative to 26 Fe, of the pure 
secondaries ^Cr and 24 Ti, the pure primary 28 Ni, and the mixed primary and secondary 20 Ca 
between 6 and 70GeV/amu. 

2. Instrument The instrument, 
shown in figure 1, is composed of 1.0cm 
NE114 plastic scintillator(S), and 0.6cm 
Pilot 425 plastic Cherenkov(P), detectors 
in light diffusion boxes. These two detec- 
tors determine the charge of the cosmic 
rays. Interspaced around the S and P 
detectors are pairs of 10cm dual gap P-10 
gas ionization chambers(I). In addition 
to being the energy measuring devices 
they are also used for identification of 
nuclear interactions in S and P detec- 
tors. At the bottom of the stack is a one 
atmosphere C0 2 gas Cherenkov(G), 
whose nominal threshold energy is 
34.8GeV/amu. This detector provides 
the energy calibration of the relativistic 
rise region of the ion chambers. The two 
layers of x-y multiwire ionization hodoscopes(H) provide the trajectory information which 
allows for the path length correction and for correction to the areal variations of the vari- 
ous detectors. The stack, 160cm x 160cm x 190cm, with the electronics is flown inside a 
one atmosphere pressure vessel. 

3. Data Reduction Figure 2 is a plot of the mean ionization signal(I) versus the plastic 
Cherenkov signal(P). The dashed lines are the charge tracks for the even Z elements 20 to 
28. The vertical pairs of lines mark the /?=1 saturation of P, the events of interest in this 
experiment. With I and P alone it is impossible to separate, say, relativistically risen 
charge 24 from low energy charge 26. To remove this ambiguity a third dimension, 
scintillation(S), is added. 


Figure 1 
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1 Presently at Goddard Space Flight Center, Greenbelt, Maryland 20771, USA 
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Figure 3 is a plot of the same events for S versus P. The energy dependence is almost 
entirely in the P dimension. The relativistic events pile up at the right side of the cluster 
and lower energy events trail off towards the left. The superposed boxes are the S and P 
cuts used to select events that will be used to form abundance spectra. We observe that S 
has negligible (less than 0.5%) relativistic rise at lOOGeV/amu, so the S cuts do not intro- 
duce a significant energy dependence. 


Figure 2 




The S cuts are asymmetric about the charge tracks. This is because almost all the 
contamination from adjacent charges into a given charge selection box is from the lower 
energy next higher charge. The P cuts are symmetric about the /?=1 track of the given 
charge. Both the S and P cuts are made in constant sigma units for each charge. This 
insures a constant fraction of the desired charge to be included within the S-P box cuts. 
Taking the events within these cuts, histograms were formed in I/I min . Ratios of these his- 
tograms to that for iron are the abundance ratio spectra that are discussed in section 5. 


4. Energy Calibration Figure 4 is a 
plot of I vs G for the events satisfying 
the S and P cuts in figure 3 for iron. 
The line through the data is a result of a 
least-squares fitting with the semi- 
empirical model described by equations 1. 

I—f m ln(E) + B (la) 

G^Kd-E^/E^ + D (lb) 

I is the ratio of the I signal over the 
minimum value (at 2.4GeV/amu). The 
D term represents the scintillation emis- 
sion from the reflective paint coating on 
the inside of the G light diffusion box. 

The fitting was done in two steps. 
The first attempt only fit the events 
between the G values of 450 and 1100. 
Using this fit a swath through I and G 


Figure 4 




space was made to allow for the inclusion of events down beside the paint emission clump 
and to extend the high end to include the /?=1 events in the G detector. The sharp thres- 
hold in G can be seen and it is the I value at this E (A r esA that provides one well defined cali- 
bration point. Given the limited number of events the slope (Im) was very poorly deter- 
mined from this I vs G comparison, and so we instead determined the slope by comparison 
between our iron data and the iron spectrum from previous experiments (summarized by 
Webber[l]). 

For various values of Im, with B selected to give the previously determined I(E MrtsA ), 
we convolved the Webber spectrum with equation 1 and with the resolution function of the 
detector. We then determined the value of Im which gave the best least-squares fit to our 
observed I-spectrum for iron. The final values of the parameters in equation 1 are I m = 
0.0738 ± 0.0023, B = 0.8889 ± 0.0019, K = 1220.0 ± 15, and D = 207.0 ± 4.0. The 
numerical values of the parameters for equation la apply to an I scale in which minimum- 
ionizing iron gives 1=1.000, and this equation is taken as applicable for energies greater 
than 5.0 GeV /amu. 

5. Results Even with the tight S cuts near the Z+l charge track, there is still some con- 
tamination. While these contamination events are of low intrinsic energy, their I mimics 
relativisticly risen events because they have a greater charge. The upper S cut was fixed by 
requiring that the contamination to any of the five charges never be more than 20% of the 
charge of interest at the appropriate I/I m i n value. Subtractions were made for these con- 
taminations. After producing the number versus I/I m j n spectra, they are binned into three 
differential points, one integral point, and using similar S and P cuts, a point at I min 
(2.4GeV/amu). 

Our results are listed in table 1 and plotted (points with error bars) in figure 5. In the 
energy interval 6 to 25 GeV/amu our results are consistent with those of Englemann[2] 
(their data has been propagated through 4.1 g/cm 2 of air). Above 25 GeV/amu our results 
indicate an energy dependence of relative abundances which continues the trend observed 
by Englemann, et al. 

TABLE 1 - Abundance Ratios to Iron for Ti, Cr, Ca, and Ni 
Energy Range Element 


Lower 

Upper 

Ti 

Cr 

Ca 

Ni 

— 1.45 

~3.35 

0.158 ± 0.007 

0.161 ± 0.007 

0.217 ± 0.009 

0.055 ± 0.004 

5.90 

11.62 

22.87 

45.02 

11.62 

22.87 

45.02 

00 

0.129 ± 0.013 
0.101 ± 0.023 
0.059 ± 0.023 
0.070 ± 0.023 

0.124 ± 0.013 
0.086 ± 0.021 
0.074 ± 0.026 
0.075 ± 0.024 

0.225 ± 0.018 
0.178 ± 0.032 
0.092 ± 0.029 
0.126 ± 0.032 

0.052 ± 0.008 
0.037 ± 0.014 
0.034 ± 0.017 
0.043 ± 0.018 
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ENERGY SPECTRA OF ELEMENTS WITH 18 < Z < 28 
BETWEEN 10 AND 300 GeV/amu 

Michael D. Jones a , J. Klarrnann a , E. C. Stone**, C. J. Waddington c , W. R. Binns a , 
T. L. Garrard , M. H. Israel 3, 

a) Washington University, St. Louis, MO 63130, USA 

b) California Institute of Technology, Pasadena, CA 91125 USA 

c) University of Minnesota, Minneapolis, MN 55455, USA 


1. Introduction. The HEAO-3 Heavy Nuclei Experiment (Binns, et al., 1981) is 
composed of ionization chambers above and below a plastic Cherenkov counter. We 
have measured the energy dependence of the abundances of elements with atomic 
number, Z, between 18 and 28 at very high energies where they are rare and thus need 
the large area x time of this experiment. We extend the measurements of the Danish- 
French HEAO-3 experiment (Englemann, et al., 1983) to higher energies, using the 
relativistic rise of ionization signal as a measure of energy, and determine source 
abundances for Ar and Ca. 

2. Data Analysis. We confine this analysis to events in the 1.1 m sr in which the 
cosmic rays penetrate all six ionization chambers, and to the first 370 days of the flight, 
when all six ionization chambers were functioning properly. These selections give the 
highest possible ionization resolution. We select only events incident with geomagnetic 
cutoff greater than 8 GV, so Z is determined by the Cherenkov signal. We further 
require agreement between the means of the three ionization chamber signals above the 
Cherenkov and those below, to eliminate most nuclear interactions inside the 
instrument. 




Figure 1 is a schematic plot showing the locus of events for each element, 20 < Z 
< 28. Zc is the square-root of the Cherenkov signal normalized so Zc ~ Z at high 
energy. Zi is the square-root of the ionization normalized so Zi = Z at minimum- 
ionizing. Figure 2 is a histogram of Zc for events with 29.3 < Zi < 29.5, the region 
between the dashed lines in figure 1. This histogram includes Fe, Co, and Ni at about 
130, 34, and 12 GeV/amu respectively. The abundance of each element in each of 
eighty such histograms is determined by maximum-likelihood fitting. 
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Corrections to these raw abundances were calculated to account for interactions 
both in the lid in front of the first ionization chamber and in the Cherenkov counter 
and other material between the ionization chambers. The latter calculation included 
only charge changes of one or two charge units, other interactions having been 
eliminated by the requirement for agreement between upper and lower ionization 
chambers. The calculation assumed that at all energies the total cross-sections were 
given by the formula of Westfall et al. (1979) and the partial cross-sections for changing 
by n charge units were the same fraction of the total cross-section for any projectile as 
was measured by Webber and Brautigam (1982) at 980 MeV/amu for Fe on C. These 
calculated corrections lowered the raw abundance ratios by typically 10 to 30 percent. 

3. Energy Scale . We used Zi/Z as a measure of energy, and derived an empirical 
energy calibration by comparing our Fe observations with an Fe energy spectrum 
derived from a compilation of previously published measurements (Webber, 1982). This 
Fe spectrum was multiplied by an empirical geomagnetic transmission function which 
represented the fraction of time when the geomagnetic cutoff permitted Fe of that 
energy to reach the instrument; the product was the effective Fe spectrum at the 
instrument, averaged over many orbits. This energy spectrum was then converted to a 
Zi/Z spectrum using a trial form of the energy dependence of Zi/Z. Finally this 
calculated spectrum was folded with the instrument’s ionization resolution, and the 
resulting Zi/Z spectrum was compared with the data. The process was iterated, by 
changing the assumed form of the energy dependence of Zi/Z, until the calculated and 
observed spectra of Fe agreed. 

The resulting energy dependence is consistent, between about 10 and 100 
GeV/amu, with one derived independently for a different detector system by Barthelmy 
et al. (1985, OG 4.1-7). Above about 200 GeV/amu, the shape of our calibration curve 
depends upon the assumption we made that the Fe energy spectrum falls as a power- 
law with exponent -2.7 at energies above those where it has been measured. 

Abundance ratios derived from data in a particular Zi/Z histogram were plotted 
at the mean energy from which those particles came, assuming the Fe energy spectrum 
and the calibration curve described above. The energy resolution implied by our 
ionization resolution of 0.40 charge units is comparable to the spacing of the points in 
figure 3. 

4. Results. Figure 3 gives the resulting abundances of several elements relative to Fe 
as a function of energy. The X symbols are the results of the DF experiment 
(Englemann, 1983), while the O symbols are the results of this experiment. In every case 
our results are consistent with those of the DF experiment in the interval where both 
experiments apply, 10 to 25 GeV/amu. At higher energies our data generally continue 
the DF trend. 

Our data above 10 GeV/amu suggest a Ni/Fe ratio slightly dependent upon 
energy, with a best fit power law of exponent -0.050 ± 0.016. If we ignore this slight 
variation with energy, then the mean value of the Ni/Fe ratio over our data is 0.054 ± 
0 . 001 . 

For the secondary ratios, K/Fe, Sc/Fe, Ti/Fe, and V/Fe, our data indicate an 
extension to about 100 GeV/amu of the same power law dependence as was indicated 
by the DF data. Figure 4 shows the best fit exponent for each of these ratios combining 
the DF and our data. The steepening of the slope with decreasing Z is expected as 
lower Z elements have greater contributions from tertiary nuclei. 



ENERGY (GeV/amu) 


Figure 3 

Abundances relative to Fe 
x Englemann, et al. (1983) 
• This work. 












Our data indicate a leveling of the Ca/Fe ratio above the energies of the DF 
experiment, as would be expected from an energy-independent primary component 
becoming increasingly significant at higher energies as the secondary component 
becomes less abundant. We fitted the combination of the DF and our ratios to a 
function aE p +b. With p = -0.295 ± 0.010, interpolated from figure 4, the result is 
primary Ca/Fe = 0.094 ± 0.004. A galactic propagation calculation on the DF data 
(Lund, 1984) gives a source abundance of Ca/Fe = 0.065 ± 0.019. 


Figure 4 

Exponent of power law fit to 
abundance of element Z 
relative to Fe. 


A similar fit to the energy dependence of Ar/Fe, but with p = -0.33 ± 0.01, gives 
primary Ar/Fe = 0.026 ± 0.003. Propagation of the DF data (Lund, 1984) gives Ar/Fe 
— 0.032 ± 0.008. Source abundances inferred from such galactic propagations on 
observed abundances 2.5 to 5 times higher must depend critically upon the adopted 
fragmentation cross-sections, while our extension of observations above 100 GeV/amu 
permits inference of source abundances without galactic propagation calculations. 
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ABSTRACT 

Energy spectra for primary cosmic rays C-Fe above 20 GeV/n were 
measured on a balloon flight from Greenville S.C. in June 1982 with a hybrid 
electronic counter-emulsion chamber experiment. Fluxes above the atmosphere 
appear in general agreement with previously published values. The heavy 
events included in this data will be used along with the JACEE passive 
ch^giber data to provide a heavy composition direct measurement from lO 1 ^ to ~ 
10 eV total energy. 

INTRODUCTION 

The JACEE collaboration has been using emulsion chambers since 1979 in 
a series of balloon flights to measure the composition, energy spectra, and 
interactions of energetic (>1 TeV/n) cosmic rays. The apparatus used in 
JACEE's 0,1, 2, 4, 5 have been largely passive, events being detected by the 
development of dense electromagnetic showers which produced visible dark 
spots in x-ray films. In 1982 a different kind of experiment was flown by 
the collaboration. This incorporated electronic detectors mounted above an 
emulsion chamber. The counters were used to define the charge and energy of 
incident primaries and provide trajectory information so the primaries could 
be traced through the emulsion chamber from the top down. For heavy ions 
this has proven to be an efficient process, and the results of measurements 
on ~130 heavy interactions (Z^22) at primary energies >20GeV/n are described 
at this conference. 
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The primary objective of this experiment was to obtain a statistically 
significant sample of heavy ion interactions in the energy range 20-60 
GeV/n, below the energy range of detection for totally passive chambers. 
Other objectives were to allow direct calibration of some techniques used in 
JACEE, albeit in a lower energy range than the other experiments. The 
electronic counters also allowed the direct measurement of heavy primary 
cosmic ray fluxes in the range 20-100 GeV/a (1-5 TeV total energy for Fe) 
for comparison with the other JACEE direct composition measurements above 10 1 
eV total energy, (see paper 0G4.1-13 this conference). In this paper we 
describe the measurement of the abundances and spectra of elements from C to 
Fe above 20 GeV/n. 

Experimental 


The apparatus was previously described (Ref.l) and is only briefly 
reviewed here. It consisted of two solid Cerenkov counters (Teflon and 
lead-glass) which were in saturation at the energies reported here and 
provided primary charge definition; a gas Cerenkov counter (1 atmosphere 
Freon-12, 81 cm most probable depth) which provided differential energy 
measurement in the range Eo = 20 - 65 GeV/n; and an eight-plane multiwire 
proportional counter hodoscope which enabled particle trajectory 
intersection points in the top layers of the emulsion chamber to be found 
with rms position error 3.5 mm. A scintillation counter was placed below 
the emulsion chamber to provide a measure of shower-size from individual 
energetic interactions within the chamber, (paper HEI.4-1 this conference) 

A cross-plot of the outputs of the Teflon (CT) and lead-glass (C1G) 
Cerenkov counters allowed separation of individual charge identification. 
The ratio CT/CLG at Eo>20GeV/n gives a narrow distribution for all particles 
passing through both counters without interacting. This effect was used, 
together with the hodoscope track information to reject most events 
interacting in the electronic instrument. All detector signals were 
corrected for path-length in the detector, PM tube temperature, detector non 
uniformities, and ADC offsets. Charge resolution was limited by back-scatter 
from the emulsion chamber, an effect which was assessed by correlation of CT 
and CLG signals with the burst scintillator. Charge resolution was = 0.25 
charge units FWHM at oxygen and 0.5 at Fe. Figure 1 shows a charge 
histogram of a portion of the data. For the gas Cerenkov detector, in which 
the PM tube outputs were analyzed in four sets of tubes, assessment and 
correction for 6-ray effects in tube windows was possible. Energy 
assignment for individual events was made using a Monte Carlo method which 
incorporated the instrument response function and an assumed cosmic ray 
spectrum. The response function was based on normal statistics of 
photoelectrons from Cerenkov light plus a scintillation and BaSO^ paint 
Cerenkov contribution. The flight oxygen gas-Cerekov data is shown in Figure 
3. It should be noted that energy assignments based on this method are 
insensitive to changes in y of 0.3 or so. 

The balloon and instrument were launched on June 2nd from Greenville, 
S.C. and cu£ down near Roswell, N.M. , after 39 hours at a mean float depth 
of 4.^ g cm . Effective live time was 35.6 hrs. yielding an exposure of 
5.7 m sr hrs of the best quality data. The geometric aperture 0.16 m sr in 
this case included all the electronic detectors except the burst-counter. 
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RESULTS 

The derived differential energy spectra for the principal elements and 
groups are shown in Figures 3 to 6, using data at the instrument. Note that 
the amplitudes given in these figures are per 5 GeV bin and for the whole 
flight. Calculation of the differential and integral intensities at the 
top of the atmosphere using average values of atmosphere and instrument 
fragmentation show essential agreement with the HEAO C-2 data. Maximum 
likelihood fits have been made to the raw spectra above 25 GeV/n and derived 
values of y are given in the table (dN/dE = AE ~ y ). Although 
primary/secondary element ratios await the full interaction correction, an 
estimate of the Fe/C+O ratio above 25 GeV/n is 5.4 X 10“ 2 , if the ratio of 
the interaction corrections for Fe and (C+0) is taken as 1.12. This 
primary ratio has been reported as 6 X 10 -2 (Refs. 2,3). 

References : 

1. Austin, R.W. , et.al., Papers of 18th ICRC T2-15, (1983) 

2. French-Danish HEAO-3 Collaboration, Papers of 
18th ICRC Vol 2, p 17 et. seq. (1983) 

3. Simon, M. et.al., ApJ, 239, 712-724 (1980) 


TABLE 1 

MAXIMUM LIKELIHOOD FITS TO ELEMENTAL SPECTRA ABOVE 25 GeV/n 
ASSUMING SIMPLE POWER LAW, dN/dE = AE~1 


Particles 
(m 2 sr s GeV/n) -1 


Oxygen 

21.7 

2.77 

+ 

0.07 

(- 

-0.04) 

Neon 

4.2 

2.72 

+ 

0.13 

(- 

-0.12) 

Magnesium 

1.5 

2.44 

+ 

0.12 

(- 

-0.10) 

Silicon 

5.8 

2.85 

+ 

0.15 

(- 

-0.10) 

16 z 25 

1.4 

2.89 

+ 

0.18 

(- 

-0.10) 

Iron 

0.51 

2.79 

+ 

0.25 

(- 

-0.19) 

Sum of Z=8,10,12,14 

5.8 

2.72 

+ 

0.05 

(- 

-0.06) 



DIFFERENTIAL FLUX number of events 


riTiTr 







Figures 3-6. Differential Spectra of Individual Elements and Groups of 
Elements Measured at the Instrument. Note that Amplitudes are per 5 GeV 
bin and per Entire Flight, and Interaction Corrections have not yet been 
applied. Straight Lines are M-L fits to the Data. 
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ABSTRACT 

Energy spectrum of cosmic-ray Fe-nucleus has 
been measured from 4 GeV per nucleon to beyond 100 
GeV per nucleon. The data were obtained using 
emulsion chambers on a balloon from Sanriku, Japan. 

The energies were estimated by the opening angle 
method after calibrated using 1.88 GeV per nucleon 
Fe collisions. The spectrum of Fe is approximately 
E' zs in the range from 10 to 200 GeV per nucleon. 

This result is in good agreement with those of 
other experiments. 

1. Introduction. 

The current experimental data on the primary spectrum above 
1 GeV/n are recently revieweddl. Concerning iron nucleus 
spectrum, it is interesting to establish the spectrum above 100 
GeV/n, because the propagation and escape of cosmic rays from 
galactic confinement would make a effect on the primary spectrum 
above 100 GeV/n on basis of energy dependent L/M and sub- 
iron/iron ratio. But, the statistics of high energy data around 
100 GeV/n is not sufficient for the discussion. The recent 
spectrum results have been obtained using instruments such as 
ionization spectrometers C 2 ] , gas Cerenkov counters [ 1 , 3 , 41 , 
magnetic spectrometers C51 , and emulsion chambers C6 , 71 . There 
were some differences between different techniques. In this 
experiment, we used an emulsion chamber and applied the opening 
angle method for estimating the primary energy. In an emulsion 
chamber experiment, there were three problems to be solved: (1) 

The shortening of the scanning time for nucleus-nucleus 
collisions. (2) Charge determination of heavy nuclei. (3) Energy 
determination of primary nucleus, whose problem was pointed out 
by Kullberg et al.C81. By developing a new detection method with 
Plastic detector CR-39. the scanning time was shortenedl91 . To 
reach the reliable results on 2) and 3) problem, the calibration 
experiments were carried out by exposing the same type of 
chambers as the balloon-borne one to 1.0 GeV/n and 1.88 GeV/n Fe 
beams at LBL heavy iron accelerator. 

2. Experimental procedure 

A schematic diagram of the instruments is shown in Fig.l. 
The emulsion chamber consists of 9 plastic track detector CR-39 
Plates, 27 nuclear emulsion plates and 20 polyethylen target 
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plates 


CHAMBER 


C82) 

CR-39 


{ Poly.+ Em ) x 5 


ll/It 


which are piled alternately. The CR-39 plates are about 
1.7 mm thick. The emulsion plate is coated with 
50 p m thick nuclear emulsion gel on both sides 
of a 1.0 mm thick lucite plate. The target 
Plates are 1.0 mm thick polyethylen. The 
overall size of 6 chambers is 1.5 m x 0.8 m x 
8.9 cm and the total depth is 8.3 g/cm i . These 
chambers have been exposed by balloon flight at 
Sanriku Balloon Center, Japan, for about 15.5 
hours at an altitude of 7.6 g/cm* . 

A CR-39 sheet at the top of chamber was 
generally scanned with a microscope of 40 
magnification and the radius of located cones 
was measured on an adjacent downstream CR-39 
plate. The charge resolution is about AZ=+/-1 . 
Selected cones of charge Z=26+/-l were followed downstream using 
CR-39 ( No. 3 , 5 , 7 ) . Collisions were found by checking whether or 
not the cone became smaller or disappeared downstream. The 
angles of secondary particles and fragments were measured in 
nuclear emulsion plates. 

For iron nucleus of Z=26+/-l, the integral flux is obtained 
using collision mean free path of \= 15.6 g/cm* for Fe-air 
collision as follows; 

-l , -I 

I ( >= 4.0 GeV/n) = (1.2 +/- O.UxlO (m-str-sec) 


FIg.l Chamber design. 


where 4.0 GeV/n is vertical-cut-off kinetic energy at Sanriku. 

3. Energy determination and correction. 

We carried out an experiment using 1.88 GeV/n Fe beam at LBL 
to calibrate the primary energy estimated by the opening angle 
method. There are two methods to estimate the incident energy 
from the emission angle of alpha particles and heavy fragments. 
One is by the mean angle and the other is by root-mean-square 
angle. The incident kinetic energy can be calculated by the 
following relations; 

P 0 = <P t >/< 0 > , P 0 = 

where p 0 is incident momentum, and <p t > and <E*k > are 
parameters. As it is very difficult to measure the incident axis 
of interaction in the cosmic ray, emulsion chamber experiment, we 
must take the center of geometrical weight of heavy and alpha 
fragments in the forward cone as the axis of interaction. The 
parameters were calculated for the events of Nh+N*. >= 3, where Nh 
means number of heavy fragments with charge greater than 3 and N* 
is number of alpha particles. They are shown in Table 1 for each 
charge range of fragment. 

Zf < Pt > CMeV/c) < E*k > (MeV) 

2 86.7 +/- 6.5 33.5 ♦/- 5. 1 

3 - 8 64.6 +/-II .4 18.7 t/- 7.5 

9-12 61.4 ♦/- 4.4 17.4 +/- 2.8 

13 -15 54.0 ^/- 5.5 14.2 +/- 3. 1 

16-21 37.3 ♦/- 4. I 5.9 ♦/- 1 .2 


Table 1. Parameters for primary energy estimation. 
Zf means a charge of fragment. 
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Using these parameters, we can conversely estimate the 
incident energy from experimental values of <8> and <8 >, and can 
obtain the error distribution of estimated energy when the 
incident energies are known. Figure 2 shows E/E o distribution 
for 114 events with Nh + >=3 obtained by the above two 
methods, where E means the estimated primary energy and E 0 means 
the beam kinetic energy of 1.88 GeV/n. The mean values of 
estimated energy are larger than beam energy. It is mainly due 
to the tail of angular distribution of alpha particles and 
fragments at large angles. So, if we apply the opening angle 
method to observe the primary energy spectrum of heavy nuclei, we 
must be careful of the overestimation of primary energy. 

To check the effect of the estimated energy error on the 
primary spectrum, a Monte Carlo simulation has been made assuming 
the integral spectrum is a E~' s spectrum at high energy, which is 
modulated by cut-off rigidity at Sanriku, and using the E/E 0 
distribution in Fig. 2, which has an approximate form of gamma 
function, i.e. f(x)= x a - exp(-bx) with a=3.1 and b=0.42 . It is 
also assumed that a form of E/E 0 distribution does not vary with 
primary energy E 0 . The results is shown in Fig. 3 . The spectra 
are multiplied by E 2 '* to emphasize spectral features. It can be 
seen that the observed spectrum by the opening angle method is 
higher than the true one. Then we must correct the observed 
spectrum. We can also obtain a correction factor from this 
simulation if spectral index is known. 




Fig. 2 Estimated energy error distribution. 

E means the estimated primary energy and E„ 
means the beam kinetic energy 1.88 GeV/n. 

# and A denotes the E/Eo data obtained by 
mean angle and root-mean-square angle method, 
respectively. 


Fig. 3 Results of a simulation. , ;f 
A differential spectrum Is assumed to be E 
i The broken curve is a estimated spectrum 
using the error distribution In Fig. 2. 


4. Results and discussion. 

We observed 294 events of primary charge, Z=26+/-l, which 
make a collision in a chamber and have secondary fragments of 
Nh+N 0l >=3 . The primary energies of these events were calculated 
from mean emission angle and root-mean-square angle, 
respectively, using parameters shown in Table 1. The spectral 
index is consistent to -2.5 within an experimental error by 
comparing the experimental with a Monte Carlo simulation of 
spectral index of -2. 3, -2. 5 and -2.7 . Using this index, the 
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simulation makes it possible to correct the observed spectrum. 
The corrected energy spectrum is shown in Fig. 4 along with some 
data from other groups. The agreement between different 
measurements is quite good within the quoted errors. This 
experiment shows that an iron spectrum has a spectral index -2.5 
in the range from 10 GeV/n to 100 GeV/n. The present data do not 
suggest that iron spectrum gradually becomes steep to an index - 
2.7 above 100 GeV/n, which is expected from a conventional leaky 
box model, although the statistics is not yet sufficient. 


• : the present experiment 

■ : Fuji i (1984) 

o : Webber ( 1982) 

* : Simon et ai . ( 1 980 ) 

□ : Orth et al . ( 1978) 

a: Coldwell ( 1977) 

X : Jui iussont 1974) 


1 10 100 1000 
KINETIC ENERGY (GeV/NUC) 

Fig. 4 The iron spectra as compared with measurements of other 
values. The spectra have been multiplied by E 2- * (kinetic energy) 
to emphasize differences. The intensities are in part I cl es/m 2 s tr- 
sec-GeV per nucleon and kinetic energy is in GeV per nucleon. 
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MEASUREMENT OF THE IRON SPECTRUM FROM 60 TO 200 GeV PER NUCLEON 

R. E. Streitmatter, V. K. Bal asubrahmanyan, J. F. Ormes, 

and B. S. Acharya* 

1. Introduction. The high energy gas Cherenkov Spectrometer (HEGCS) 
was flown by balloon from Palestine, Texas on September 30. 1983. The 
instrument maintained an altitude of 118,000 ft. (4.7 g/cm^) for 

6 hours. Here we report details of the ongoing data analysis and 
preliminary results on the Fe spectrum up to 10 13 eV/nucleus. 

2. Charge Measurement . A description of the HEGCS instrument is given 
in the proceedings of the Paris ICRC (Streitmatter, et al., 1981 ) ^ 7 . 
Incident charge is determined by measurement of the scintillation light 
which escapes from the 6 nr hodoscopes of scintillator triangles located 
in the top and bottom optical chambers. The escaped scintillation light 
is collected by 12 RCA 4525 PMT's externally located around the 
circumference of each chamber, giving two independent measurements of 
the charge. 

Four corrections are made to these signals. (1) A cosine 
correction is made. Position of the incident cosmic ray as it passes 
through each of the two hodoscopes is determined from the relative size 
of signal from the three photomultipliers optically coupled to the 
struck scintillator triangle. The uncertainty in position is about ± 10 
cm at present. (2) A correction for variations in scintillator 
thickness is made. As the cost of machining flat and polishing 12 m^ of 
scintillator was prohibitive, the thickness of the hodoscope triangles 
was mapped. During assembly, an acoustic thickness gage was used to 
measure (± 0.001 inch) the thickness at 120 points on each of the 48 
array triangles. Typically, thickness varies by + 5 percent over a 
triangle. (3) The geometrically trapped scintillation light in a 
triangle has a small probability of escape at each internal surface 
reflection. The amount of such light escaping over the total triangle 
surface is a weak function of the position at which the cosmic ray is 
incident. A systematic correction of up to 12 percent is made for this 
effect. (4) The top and bottom diffusion chambers are not ideal white 
boxes. There are position dependent effects upon the relative amount of 
light collected by each of the twelve external photomultipliers. We are 
currently working on improvements in the correction of these effects. 

For charges above 16, the present a/y (resolution/mean) of the corrected 
PMT signals from each chamber is 0.069, corresponding to a charge 
resolution of 0.8 for Fe. The resolution is dominated by nonphotosta- 
tistical systematics. 

3. Che re nkov Signal . Cherenkov light from the central gas volume was 
collected by 24 RCA 4522 photomultipliers located at the upper 
circumference of the drum. The signal from each PMT was separately 
digitized. The Freon-12 was kept at a pressure of 2.47 psi , 
corresponding to a Cherenkov threshold energy of 49 GeV/nucleon. In 
addition to the above-threshold gas Cherenkov light, incident nuclei at 


•k 


NAS/NRC 



OG 4.1-11 


4 1 


all energies above the Palestine cutoff made Cherenkov light in the 
BaSO^ white paint covering the inner surfaces of the upper and lower 
pressure bulkheads. The Cherenkov light generated in the two painted 
surfaces is about 14 percent of the saturated gas signal, displays a 
cosine effect, and is statistically broadened in a manner indicating 
that over the painted surfaces there is 20 percent variation in 
effective emitting thickness of the BaSO,. Figure 1, taken from flight 
data, is a histogram of the "paint-light* signals to one 4522 PMT from 
incident iron. The first and second photoelectron peaks are clearly 
visible. Thus, the Cherenkov signals can be directly expressed in terms 
of the number of photoelectrons collected. For an iron nucleus passing 
vertically through the detector, the paint-generated Cherenkov light 
results in an average of 51 photoelectrons, total, being collected. The 
saturated (3 = 1) gas signal from a vertical iron is best fit (see 
below) as 370 total collected photoelectrons. 

Because the 4522 PMT 1 s are separately digitized, it is possible to 
note individual PMT's struck by delta-rays. Typically, one PMT 
saturates, while the average signal to the other PMT's is increased by 
less than one photoelectron. The probability of events with a delta-ray 
tube hit is a strong function of position, being greatest at the 
periphery of the detector (radius 150 cm) near the PMT's. At the 
largest radii, multiple delta-ray events can be seen. Although these 
events can be recovered, we are presently making a conservative 
geometric cut, restricting accepted events to be within 115 cm of the 
center of the top hodoscope. 

4. High Energy Data ,, In addition to the geometric cut, we require that 
the top and bottom charge determination agree within two standard 
deviations, and that the hodoscope signals be consistent with the 
passage of a single particle through the detector. These restrictions 
effectively eliminate fragmentations and nascent air showers. Figure 2 
is a cross plot of Cherenkov signal versus charge. For plotting, a cut 
has been made surpressing events with only "paint-light". The upward 
fluctuating "paint-light" events appear as a band across the bottom of 
the plot. For the purpose of analysis, iron is defined as those events 
with determined charge between 24.7 and 27.7, corresponding to standard 
deviations in signal of two and three, respectively. The larger 
acceptance on the high side was made because of the tendency, seen in 
Figure 2, of high Cherenkov events to deviate toward higher determined 
charge. We attribute this trend to relativistic rise, but have deferred 
a quantitative investigation pending improvement in the charge 
resolution. 

The maximum likelihood technique has been used to determine the 
iron spectral index. The total Cherenkov signal in photoelectrons has 
been modeled, including the statistical fluctuations from the paint- 
generated and gas-generated photons. The number of photoelectrons 
corresponding to the gas 3=1 point is a free parameter of the model. 
The assumed spectra used as input to the model have been normalized to 
the HEA0-3 (Lund, 1984)^' ‘iron data. That is, the modeled spectra are 
assumed to attach to the HEAO iron flux at 25 GeV/nucleon and to be a 
single-index power law above this energy. The index of the power law is 
the second free parameter of the model. Making a low energy cut of 
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60 GeV/nucleon and calculating likelihoods from the data in Figure 2, we 
find that the best fit spectral index is 2,77 ± 0.12. The best fit 
value for the total number of photoelectrons from gas-generated photons 
from a vertical, 3=1 iron is 370. This indicates that the Cherenkov 
signal retains statistical power in energy discrimination up to about 
215 GeV/nucleon. 

Future improvement of the charge resolution and inclusion of the 
full geometric factor should allow improvement of the error in 
determination of the iron spectral index and sufficient statistics to 
determine the index of the iron secondaries. 
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COSMIC RAY NUCLEI OF ENERGY > 50 GeV/NUC 

V. K. Bal asubrahmanyan , R. E. Streitmatter, and J. F. Ormes 
NASA/Goddard Space Flight Center, Greenbelt, MD 20771 

ABSTRACT 

Preliminary results from the High Energy Gas Cherenkov 
Spectrometer indicate that the sub-iron to iron ratio 
increases beyond 100 GeV/nucleon. This surprising finding 
is examined in light of various models for the origin and 
propagation of galactic cosmic rays. 

1. Introduction. The study of the composition of cosmic radiation and 
its energy distribution has resulted in the development of several 
models of cosmic ray propagation and information about sources and 
acceleration phenomena (Cesarsky, 1980) [1], The results from several 
balloon experiments and the good statistics data from the HEAO-C 
measurement (Englemann et al., 1985) [2] indicate that the matter 
traversed by cosmic rays decreases with energy. In the energy range 1- 
25 GeV/nuc, this dependence of matter traversed by cosmic rays is 
expressed as (ri gidity) - ®* 6 . This trend, if continued beyond 50 
GeV/nuc, would result in matter traversed decreasing below 1 g/cm 2 . As. 
the amount of matter becomes small, the effects of nuclear interaction 
in the Interstellar Medium (ISM) become difficult to detect if the 
nuclear mean free path (A) in the ISM is much larger than 1 g/cm 2 . For 
Fe nuclei A = 2.8 g/cm 2 and so relatively Fe becomes a more suitable 
nucleus to study compared to C, 0. The widely differing consequences 
predicted by the leaky box, nested leaky box, and the closed galaxy 
models could be tested by studying the relative amounts of primary Fe 
nuclei and the secondaries from the breakup process. 

In addition to these theoretical models, the results from the 
experiments on the detection of antiprotons (Golden et al., 1979, [3] 
Bogomolov et al., 1979, [4] Buffington et al., 1981) [5] suggest that 
the matter traversed by cosmic ray protons may not be consistent with 
cosmic ray propagation models derived from the study of heavy nuclei. 

In this, we discuss some of the suggestive trends seen in the 
preliminary data of the High Energy Gas Cherenkov Spectrometer (HEGCS) 
and see what we can learn about the conflicting requirement of these 
phenomena. Details regarding the HEGCS experiment and data analysis are 
reported in the proceedings of the Conference (paper 0G 4.1-11, 
Streitmatter et al., 1985) [6]. 

2. Data in Fe and Sub-Fe Region . In the lower energy region up to 25 
GeV/nuc, the HEAO-C (Englemann et al., 1985) [2] with its excellent 
charge resolution and statistics gives a reliable data base. Beyond 25 
GeV/nuc, several balloon experiments (Simon et al., 1980, [7] and 
references therein, and Streitmatter et al., 1985) [6] provide data. 

The very low flux of the particles to be detected is the most serious 
problem for statistical reliability. Beyond a few hundred GeV/nuc, the 
situation is even more murky. JACEE's (Burnett et al., 1983) [8] 
finding that the highest energy particle was not an Fe but a Ca and the 
absence of Fe nuclei up to a total energy of 10 14 eV is in contrast with 
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the delayed particle EAS experiment of the Maryland group (Goodman et 
al., 1982) [9]. The Maryland group concludes that their results are 
consistent with a Fe spectrum with a power law exponent -2.39 ± .09. It 
is to be remembered, however, that EAS experiments have no charge 
resolution to discriminate between Fe primaries and secondaries of Fe. 

In Figure (1) we show the preliminary results from HEGCS in the Fe 
and sub Fe group. The secondaries of Fe seem to cluster at either the 
low or high Cherenkov signal, with a paucity of points in between. Fe, 
however, seems to be distributed more uniformly throughout, with the 
number of points tapering off at the high signal limit. 

Maximum likelihood estimates of the power law exponent for iron 
give -2.77 ± 0.12, in good agreement with the energy spectrum of protons 
and He nuclei, as obtained by Ryan et al., 1972 [10] and the JACEE group 
[9]. 

3. Double Diffusive Galaxy Model . We have considered a model which has 
characteristics of both the two component models previously discussed, 
the nested leaky box model (Cowsik and Wilson, 1973) [11] and the closed 
galaxy model (Peters and Westergaard, 1977) [12]. The model is 
characterized by two leaky boxes one inside the other as in the nested 
leaky box model. The observer is inside the inner box as in the closed 
galaxy model. Particles are held in both boxes by diffusive scattering 
and so both boxes would act like leaky boxes. The inner box represents 
the local interstellar region and the local sources. The lifetime of 
particles within this source region would be given by the *°Be 
observations and the mean matter traversed would be that given by the 
HEA0-3 observations of B and C, N, 0 elements. The nuclei observed from 
a local source region would be relatively young. The composition 
consists of heavy nuclei. 

The outer box would be the galaxy and its halo. This outer box 
would contain "old" particles, including protons and their secondary 
antiprotons. Particles would propagate therein under the control of a 
diffusion coefficient which has the same rigidity dependence as in the 
inner box, namely, scattering controlled by magnetic inhomogenieties. 
This would be required by the observation that the proton spectrum is 
assymptotically the same as those of the heavier nuclei, i.e., 

Y a 2.75. The matter traversed by particles in this outer box would 
have to be about three times that of the inner box. Since the mean 
density is much lower, the lifetime in the outer box would have to be 
50-200 time longer than in the inner box. 

The source spectra would be given by shock acceleration and the 
equilibrium spectra observed would be steepened by the energy dependent 
diffusion in both boxes. This model would remove any conflict between 
the low energy composition data and the high energy isotropy, which is 
determined by the conditions in the outer box. The 1 GeV/amu particles 
observed at Earth contain "young" heavy nuclei from nearby sources 
(< 0.5 kpc) and "old" protons and helium nuclei from the galaxy as a 
whole. 

We may be effectively outside the source of the very lowest energy 
particles (~ 100 MeV/amu) because, at this low energy, the diffusion 
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coefficient will be very small. This could explain the increasing 
truncation of the path length distribution below 1 GeV/amu (Wefel et 
al.). 

4. Discussion . Remembering that these results are preliminary, one can 
note that if iron secondaries do increase at high energies, the 
conventional leaky box with a monotonic decrease of matter with energy 
will need modification to account for the ratio of Fe secondaries/Fe at 
high energies. The antiprotons detected (Golden et al . , 1979) [3] do 
need more matter traversal than the leaky box model would allow. Cowsik 
and Gaisser 1982, [13] postulate separate sources for antiprotons and 
heavy nuclei. The normalization of the strengths of these sources would 
depend on the relative amounts of anti protons, secondary, and primary 
heavy nuclei. Various considerations of the nature suggest a two 
component model for the propagation of cosmic rays. 

A leaky box like the outer box with a mean matter traversed would 
produce an iron secondary to iron ratio approximately twice that of a 
7g/cnr inner box, but both boxes produce a ratio which falls with 
increasing energy due to the energy dependence of the diffusion 
coefficient. It, therefore, seems to be difficult to find an admixture 
of the relative abundances of iron from the two components that could 
produce a sub-iron to iron ratio which would increase with energy unless 
the outer box contributes only at higher energy. This could be the case 
probably only if the relative size of the diffusion coefficient were 
contrived in the same manner. 

In conclusion, it seems difficult to match the increase in the sub- 
iron to iron ratio with a shock acceleration model including a local 
source on a general galactic background without introducing a new 
parameter, namely, the variation of diffusion coefficient with position 
in the galaxy. Of course, the closed galaxy model itself requires 
source spectra which are as steep as proton spectrum. One variant of 
this model might be that high energy particles can penetrate into 
regions of dense matter. This is the functional equivalent of having a 
diffusion coefficient which is contrived in a manner which allows higher 
energy particles to pass through more matter. 
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ABSTRACT 

The composition and energy spectra of charge 
groups (C - 0), (Ne - S), and (Z ^ 17) above 500 
GeV/nucleon from the experiments of JACEE series 
balloon borne emulsion chambers are reported. 

1. Introduction . 

Studies of cosmic ray elemental composition at higher energies 
provide information on propagation through interstellar space, accelerat- 
ion mechanisms, and their sources. One of the present interests is the 
elemental composition at energies above 100 GeV/nucleon. Statistically 
sufficient data in this energy region can be decisive in judgement of 
propagation models from the ratios of SECONDARY/PRIMARY and source spectra 
(acceleration mechanism), as well as speculative contributions of differ- 
ent sources from the ratios of PRIMARY/PRIMARY. At much higher energies, 
i.e., around 10 15 eV, data from direct observation will give hints on the 
"knee" problem, as to Whether they favor an escape effect possibly 
governed by magnetic rigidity above 10 1 6 eV. 

The JACEE balloon flight experiments continue to measure composition 
and energy spectra of cosmic rays (Z = 1 to 26) directly at energies 10 12 
to 10 15 eV using large area thin emulsion chambers Cl - 5]. The previous 
JACEE results indicated no significant change of spectral indices up to 
500 TeV and 50 TeV/nucleon for proton and helium spectra, respectively [4]. 
Flux values of each group (C - 0), (Ne - S), and (Fe) at least up to 
10 14 eV also indicated no significant evidence for heavy nuclei dominance 
within the limited statistics [51 . In this paper, the results for the 
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energy spectra of charge groups (C - 0), (Ne - S), and (Z ; > 17) above 
500 GeV/nucleon are updated. 

2. ^ Apparatus and Experimental Procedure . 

Details of the apparatus and techniques of JACEE emulsion chambers 
have been reported in refs. [1 - 5]. Each detector, comprised more than 
350 layers of materials, is functionally divided into three sections: (1) 
the primary charge determination module at the top, (2) the target module 
where nuclear interactions occur prefer dntialy (3) the calorimeter at the 
bottom to measure the energies of released gamma rays from interactions. 

Events were detected by visual scanning of X-ray films for dark spots 
produced by electromagnetic cascades in the calorimeter under the same 
criterion of darkness (D) in an area of 200 x 200 ym 2 . For these events, 
primary charge Z (AZ < 1) above the interaction and the total energy of 
released gamma rays zEy (AZEy < 25 %) were measured [1 - 5], 

The maximum value of darkness (D m ) in the cascade development is a 
function of not only EEy but also the vertex height (H) from the top of 
the calorimeter, incident angle (e), and interaction characterstics 
(transverse momentum and multiplicity). Among these parameters, the main 
factors are EEy and H. For a fixed zEy value. Dm distributes around some 
mean value. The width of this distribution g(Dm)dDm depends on the 
primary charge (mass) and the chamber design. g(Dm) has been calculated 
by a Monte Carlo method using the chamber design adopted here, interaction 
characteristics (CKP and superposition models), and characteristic curves 
of the response of X-ray films. Then, the detection efficiency P(Z, EEy) 
under the threshold. D^ is calculated by, 

P(Z, EEy) = / nth g(Dm)dDrn / /n g(0m)dDm . 

>u m u m 

In case of calorimeter jets, i.e., H = 0, P(EEy) rapidly reaches 100 % at 
zEy = 1 TeV for all elements under the threshold level D&l' 1 = 0.1 which is 
a practical threshold, because of no fluctuation of H. On the other hand, 
in the case of target jets, the practical threshold D^" becomes about 0.15 
and the width of g(Dm) becomes larger due to a fluctuation of H values. 
This gives higher values of zEy to obtain P(zEy) = 100 %. The critical 
zEy values have been estimated by the above method for different nuclear 
species. For light elements such as proton and helium, the critical EEy 
was about 1.5 TeV which has been achieved in an analysis of selected 
JACEE chambers. Under the present standard event selection (D^ h = 0.3) 
the detection efficiency P(zEy 4 10 TeV) is confirmed to be 100 % for all 
elements and for all existing JACEE chambers. 

3. Deconvolution of Primary Spectrum. 

The observed zEy spectrum is a convolution of the primary spectrum 
and the distribution function f(ky) where ky (= zEy/Eo) is a partial 
inelasticity into gamma rays; Eo is primary energy. f(ky) has been also 
calculated by the above Monte Carlo method [63, including succesive inte- 
ractions, assuming its energy independence. The EEy spectrum F(zEy)dEEy 
is given by, 

F(zEy)dEEy = f(ky)dky G(Eo)dEo 6 (zEy - kyEo) > 

where G(Eo)dEo is primary spectrum. This formula directly shows that the 
zEy spectrum is uniquely a power law with the same index as the primary 
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spectrum when G(E 0 )dE 0 « E 0 " 6 dE 0 . The energy conversion factor Cky from 
the sEy spectrum to primary spectrum. is then given by, 

Cky = [ / k kyS' 1 f ( ky ) dky 3 1 / ( B - 1 ) 

Cky is applied to obtain the same flux between the zEy spectrum and the 
primary spectrum at Eq = zEy/Cky. Values of Cky for each element in case 
of calorimeter and target jets were calculated as follows, 

P He N Mg Ca Fe 

calorimeter 0.240 0.174 0.100 0.082 0.064 0.058 

target 0.222 0.159 0.120 0.117 0.115 0.115 

for chambers mainly used in this work [71. 

The collecting power of the detectors was calculated by a Monte Carlo 
method using both the geometric aperture and the probability of interac- 
tions for each element. Absolute fluxes above chambers were estimated 
considering the resolution function of zEy measurements which is an almost 
constant Gaussian type with a 25 % width in our case. After atmospheric 
correction at the depth of 3 - 5 g/cm 2 , the flux values at the top of 
atmosphere were obtained. 

4. Results and Discussion. 

Figs. 1, 2, and 3 show the results of the integral energy spectra for 
groups (C - 0), (Ne - S), and (Z ^ 17) above 500 GeV/nucl eon under the 
present event selection criterion of D^ based upon a simulation. In 
Fig. 3, Fe spectrum at energies' 20 to 80 GeV/n from the JACEE-3 hybrid 
detector experiment [8] is also shown. In these figures, the low energy 
results from two experiments [9, 10], recently reported, are included for 
comparison. Solid lines are the extrapolation from the flux value at 25 
GeV/n of ref. [9] with the spectral indices 1.7 and 1.5. Data around 4 
TeV/n for (C - 0) and (Ne - S),and those around 1 TeV/n for (Z ^ 17) are 
corrected, by empolying the Monte Carlo calculations for data analysis 
below the sub-threshold zEy = 10 TeV. In these figures, at energies 
higher than sub-threshold, data of each group indicate slightly higher 
flux values (to about one s.d. from the extrapolated spectra with an index 
1.7) with the statistics of only 4, 2, and 1 of 3 (Ca at 78 TeV/n) events 
for respective groups, while (C - 0) data around 1.5 TeV/n with the stati- 
stics of 10 events are in agreement with the low energy data for index 1.7. 
Statistical improvements are obviously desired for our continueing efforts 
at the highest energies above 10 14 eV . 

Can emulsion chamber technique ident'fy a bending of the primary spe- 
ctrum by using of the zEy method under the convol ution of ky distribution? 
Monte Carlo studies have shown a positive answer for this question, at 
least for heavy nuclei component. If materials of more than about 3 
interaction length are available, then the distribution function f(ky) 
approaches the Gaussian type with about 35 % width, by virtue of succesive 
interactions. Hence, it is sufficient to detectany narrow peaks or bends 
in the energy spectrum, provided sufficient statistics are gathered. For 
observations above 10 15 eV, however, the energy resolution becomes poorer 
than our current observations, because the shower maximum of electro- 
magnetic cascades in the calorimeter becomes too deep for thin chambers 
currently adopted. Even in this case, emulsion chamber techniques still 
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provide measurements of cosmic ray energy above 10 15 eV without increasing 
the thickness of calorimeter if the e* pair method is used to augment the 
eEy energy determination [11 ]. 
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ABSTRACT 

Onboard the "Cosmos-1543" satellite an experiment was 
performed to investigate the charge composition and 
primary cosmic ray energy spectrum for energies higher 
than I TeV. Preliminary experimental data are reported. 

1. Introduction . Investigation of the energy spectrum of various 
groups of primary cosmic ray nuclei in the high and superidgh ener- 
gy regions is one of the most Important problems of cosmic ray phy- 
sics and astrophysics. In the energy range I-IO GeV per nucleon the 
situation is rather clear [l}, while in the range of E > 100 GeV 
per nucleon the problem is not solve! yet [2 ] .To perform investi- 
gations in this energy region we have elaborated a special appara- 
tus [3] and carried out in 1984 the experiment beyond the atmo- 
sphere. 

2. Methods . We used as energy detector the ionization calorimeter 
with the total thickness of absorber 5.5 paths for proton interac- 
tion. It consisted of 8 steel plates each 3D cm thick and located 
above 8 scintillators. Each scintillator was attached to a light- 
guide and viewed by a Bffi-84. The calorimeter is situated below the 

aluminium target about 8 am thick, two lead absorbers 3 cm and 2 am 
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thick, and two nows of" scintillators employed. to' estimate the ener- 
gy of electromagnetic, cascades generated to the target . 

Above, the installation two typws of Cerenkov charge detectors 
are located. The first-type detector consists of II directed action 
counters. Each counter comprises a radiator to optical contact with 
a. FMT-49 and measures charges to the range of Is 2 -S 5*7. Above this 
detector the second one is located, which composed of four counters 
to measure charges in the range of 33 2 §60. Every counter consists 
of a radiator enclosed to a light-proof box and is viewed "by a EMT- 
-49. An accuracy of" determination of Z under oiground conditions is 
about rfo. 

The device comprised the total of B9 amplitude analysers ser- 
ving 9 5 detectors. The device's construction, characteristics, sta- 
bility, and energy consumption are described to detail in [3 3 • 

3, Results . The device was exposed in an almost circular orbit 
with a mean removal from the Thrth of 330 km and an inclination 
angle of 62.8°. It was oriented along three axes with the longitu- 
dinal axis "being vertical. 

The main mode for the device to put into operation required a 
signal to the directed action Cerenkov detector excited by a par- 
ticle of 2 ^1, the total energy release to the calorimeter being 
^ 1.5 TeV at energy release >> 35 GeV at least to eight absorbers. 
The rate of event registration remained constant during the whole 
experiment. The performed analysis showed that all the experimental 
apparatus work had been stable. 

"Up to date a g na.11 fraction of the data obtained has been pro- 
cessed, and the material presented below is mainly qualitative . 

Figs. I and 2 show the examples of registered events. Two pro- 
jections of the device and the avalanche position to the calorime- 
ter are shown. The height of rectangles is proportional to the par- 
ticle number in the corresponding scintillator. In the topr part of 
the position of the operated charge detectors is shown, toe first 
event was initiated by a proton with energy 15 TeV and the second 
one by a neon nucleus of energy 20 TeV . 

Fig. 3 characterises the separation of both proton and helium 




Fig. I Fig. 2 


of both proton and helium nuclei by the d 
directed action charge detectors. The ra- 
tio of particles with Z = 2 and Z = I 
CO. 6-0.7) is close to that of at low 
energies. 

The charge distribution at Z i 5 ob- 
tained with the aid of the upper detector 
is shown in Fig .4, alongside with the ex- 
pected distribution, provided that the 
Fig. 3 distribution on Z is the same as that of 

the lower energies, and 'the amplitude 
distribution at fixed Z is characterized by the yms spread 
~ if/o. An examination of Fig. 4 shows that at Z>5 the nuc- 
leus charge composition is, within error limits, the same as 
that of at low energies. 

Fig. 5 presents the differential spectrum of nuclei with 
Z2i2. At low energies the spectrum is limited by 1.0 •* 

i 1.5 TeV, and at higher energies ^ « 2.50 t° .25. 
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Conclusions . It shoud be noted that the above presented experi- 
mental data do not indicate any abrupt variations of the spectrum 
and charge composition, however, they require further clarifica- 
tion. The presented distributions were plotted, for all the events 
processed., while the threshold energies and the possibilities of 
particle registration may be a function of Z. 

References 

1. Julius son, E., (1983), Proc. 18 ICBC, v.I2, 3T7 

2. LLnsley, J., (1983), Proc. 18 ICRC , v.32, 135 

3. Vemov, SJJ. et al., (1981), Prroc. 17 ICRC, v.8, 49. 



56 


0G4.2-1 


INTERSTELLAR PROPAGATION AND THE ISOTOPIC COMPOSITION 
OF HYDROGEN IN THE GALACTIC COSMIC RAYS 

James J. Beatty 

Enrico Fermi Institute and Department of Physics 
University of Chicago, Chicago, Illinois, USA 

Abstract Preliminary results of a study of the propagation of 
the quartet of stable isotopes of hydrogen and helium are 
reported. A mean pathlength of 7.5±0.5 g/cm 2 at ^300 
MeV/nucleon is required to explain the low-energy deuterium 
spectrum. This pathlength is consistent with pathlengths 
derived from the elements with Z>2, but is a factor ^2 lower 
than the value required to explain the ( ^e/ "Tie) measurement 
of Jordan and P. Meyer (1984). The propagation calculations 
reported here incorporate the preliminary results of an up- 
dated nuclear-interaction cross section survey covering the 
period since the review by J.P, Meyer (1972). 

Introduction. The quartet of isotopes of hydrogen and helium constitute 
a closely-coupled set of nuclides which provide strong constraints on the 
cosmic ray source spectra and on the escape pathlength of cosmic rays 
from the galaxy. (See Simpson (1971) for a review.) The recent measure- 
ments of ( 3 He/ 4 He) in the energy range 5-10 GeV/nucleon by Jordan and P. 
Meyer (1984) and Jordan (1985) require a pathlength of ^15 g/cm 2 to ac- 
count for the experimental data, which is inconsistent with the value ^ 
g/cm 2 inferred from CNO and their secondaries, (e.g. Garcia-Munoz et . al. 
(1981)) In this paper, the pathlength traversed by low-energy H and He 
during interstellar propagation is studied using the high-resolution, low 
energy spectra of a H, 2 H and **He determined using the University of 
Chicago IMP-8 telescope under solar minimum (1976-1977) conditions 
(Beatty et . al. 1985 and references therein). It is found that 
the observed fluxes of these nuclei 
at low-energy are consistent with 
the pathlength deduced from the 
elements with Z>2, but not with the 
much longer pathlengths required by 
the high energy He isotopic ratio. « io 2 

C 
D 

Measurements . The 2 H measurements o 
used in this work were obtained o 
using the University of Chicago j> 

IMP-8 telescope during the period E 10 
June 1976 to April 1977, at solar z 
minimum modulation. 2 H is iden- 
tified by the (dE/dx) vs. residual 
E method. The measurement of. % is to 
most reliable near the end-of- 
range, where the 2 H energy deposit 
in the CsI(Tl) residual E detector 
(D4) is ^30% greater than the 
largest energy deposited by the 
more abundant % (Figure 1, insert). 



D2 (-dE/dX) Channel Number 


Figure 1 
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Plotting the number of counts per (-^dE/dx) channel (D2), the 2 H appears 
as a peak superposed on a high energy interaction background. At solar 
minimum, subtraction of this background leads to a correction of only 
25%. The r.m.s. width of the 2 H peak is 0.13 amu, corresponding to a FWHM 
of 0.31 amu. A more detailed discussion of the data analysis has been 
presented in Beatty et. al. (1985). 


Modeling of Cosmic Ray Propagation. The effects of interstellar propaga- 
tion on an assumed cosmic ray source spectrum are computed using a 
weighted-slab model (WSM) , in which solutions of the equation describing 
the passage of nuclei through interstellar matter 

_3jI_ ^ ( dE - \ , y- . Jl. , 

3x 3EMx J i + k * A dE “ 

kl 

are weighted by a pathlength weighting function (PLOT) to obtain the lo- 
cal interstellar cosmic ray flux: 


i 


J (E) = 

c.r. 


dx P(E,x) J glab (E,x) 


For a leaky-box model (LBM) with energy-independent escape pathlength , 
it can be shown that the PLWF is an exponential: P (x ) = exp ( -x / \) . 
(Lezniak,1979) 

The calculation procedure used in this work includes the effect of 
ionization energy loss at all energies, and includes kinematic energy- 
changing effects in the reactions H(p,d tt+ ) and He(p,d) He. Kinematic 
effects in other reactions and energy losses due to elastic scattering 
are small and have been neglected. Results of calculations including the 
small effects neglected here will be published elsewhere (Beatty, 1985). 

The nuclear interaction cross sections used here are the prelimi- 
nary result of a survey in this laboratory of the experimental 
cross section measurements performed since the 
compilation by J.P. Meyer (1972). The 
remaining uncertainties in the cross sections 
are largest for the production of deuterium by 
the spallation of cosmic ray helium on the in- 
terstellar medium at energies above ^500 MeV 
per nucleon. 

Solar modulation has been taken into ac- 
count using the model of Evenson et . al. 

(1983). For the solar minimum data discussed 
here, the adiabatic deceleration parameter 
is 440 MV. 


The Primary Energy Spectra. In the leaky box 
propagation model, the local interstellar 
spectra of a H and **He are simply related to 
the source spectrum and to the functional form 
of A(E). The pathlength for nuclear inelas- 
tic interaction with the interstellar medium 
is long compared with the expected escape 
pathlength. Secondary production of these 
species can be neglected because of their 
large source abundances. Energy loss effects 
are less important than for heavier elements: 
the lowest energy local interstellar particles 



Figure 2 
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which are seen at Earth 
(i.e., which have local 
interstellar energies 
greater than the energy 
lost during solar 
modulation) have lost 
<20% of their initial 
energy during inter- 
stellar propagation. 
Under these conditions, 
the leaky box model 
solution can be ap- 
proximated by the 
simple algebraic result 
J(E)= X(E) Q(E) . In 
this paper, momentum 
power law source 
spectra of the form 

dN dj - y , 

Ttr = Tr® p have 

dP dT y 

been used. Figure 2 

compares the chosen 

source spectrum 

p~ 2 * 2 with the spectra 
(T+200MeV)~ 2 * 6 used by 
J.P. Meyer (1974), and 
(1981). The latter two 
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Figure 3 
spectra for 
1977 solar 

circles, protons; filled circles, helium; 


Computed 

a 7.5 g/cm pathlength under 
minimum conditions. Panel (a) 


and He 
1976- 
open 


Garcia-Munoz et. al. (1977). Panel (b), 
deuterium: filled circles, Beatty et. al. 
(1985); crosses, Webber and Yushak (1983); up- 
per limits, Leech and O'Gallagher (1978). 

(T+400MeV)" 2 * 6 used by Garcia-Munoz et . al. 
spectra lead to a spectrum which is too steep when 
the energy dependence of A(E) at high energies is taken into account, but 
are similar to the momentum power-law spectrum above at energies below 
several GeV/nucleon. 

The source abundances used in this work are those of J.P. Meyer 
(1985), except that the ratio 1 H/ 4 He at constant energy /nucleon is deter- 
mined to be ^ 12. 2 at low energy. 


Deuterium Production. The pathlength is determined by the requirement 
that the modulated deuterium flux at 1 A.U. match the value measured un- 
der solar minimum conditions by the University of Chicago telescope on 
IMP-8. Figure 3 shows the computed 1 H, 2 H, and 4 He spectra together with 
experimental data from this period. (See caption) The pathlength required 
is 7.5 g/cm? , using the model of Evenson et. al. (1983) to describe the 
effects of modulation during the 1976-1977 solar minimum. The error in 
this pathlength due to the experimental uncertainties in the measured 
fluxes is 0.5 g/cm 2 . 

Figure 4 illustrates the relative importance of contributions from 
cosmic ray %, 4 He, and CN0. The local interstellar spectrum has been 
divided by the momentum power law source spectrum used in the 
calculations. Because the contribution from cosmic ray *H is entirely due 
to energy-changing kinematic processes, the importance of these reactions 
is strongly dependent on the source spectral form and on the low-energy 
behavior of A(E) . 
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Difficulties in the inter- 
pretation of weighted-slab models 
arise when energy-changing 
processes become important. Lezniak 
(1979) has compared the LBM to the 
WSM, and has noted cases in which 
the mean of the WSM exponential 
PLWF and the value of the LBM es- 
cape pathlength are not equivalent. 
We have investigated the importance 
of these effects on the quartet. 
For the case where X(E) increases 
with increasing energy as E 0 * 5 
(Garcia-Munoz et. al. 1981; Ormes 
and Protheroe 1983), the effect of 
ionization energy loss will in- 
crease 2 H production by ^5% , and 
the effect of energy-changing 
processes involving cosmic ray 1 H 
will increase 2 H by ^10-20%. It 
should be noted that in both cases 
the WSM 



relative to the corresponding LBM, 


underestimates the production of 2 H 
and therefore overestimates the pathlength traversed in the case where 
^(E) increases with increasing energy. The quantitative analysis of the 
case of energy-dependent PLWFs will be published elsewhere (Beatty, 
1985). 
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MEASUREMENTS OF GALACTIC HYDROGEN AND HELIUM ISOTOPES 
FROM 1978 THROUGH 1983* 


Paul Evenson*, Richard Kroeger x , Peter Meyer x , and Dietrich Miiller x 

+ Bartol Research Foundation, University of Delaware 
Newark, Delaware 19716 USA 


Enrico Fermi Institute and Department of Physics 
University of Chicago, Chicago, Illinois 60637 USA 


ABSTRACT . We have measured the differential flux of the 
hydrogen and helium isotopes using our instrument on the ISEE-3 
spacecraft during solar quiet time periods from August 1978 
through December 1983. These measurements cover the energy 
range from 26 MeV/nucleon through 13 8 MeV/nucleon for both *H 
and 4 He, from 24 to 89 MeV/nucleon for 2 H, and from 43 to 146 
MeV/nucleon for ^e. During the observations, the level of 
solar activity varied from near minimum to maximum conditions 
causing the observed flux of galactic cosmic rays to modulate 
by an order of magnitude. To describe the propagation in the 
galaxy, we find that the standard leaky box approximation with 
an escape path length of 6.7 g/cm 2 forms a self-consistent 
model for the light cosmic ray nuclei at the observed energies. 

1. INTRODU CTION . Both cosmic ray 2 H and 3 He are secondary particles 
resulting from spallation of primary cosmic rays on interstellar matter. 
Measurements of the local flux of these particles are particularly in- 
teresting because the light cosmic rays have a path length for nuclear 
destruction which is greater than the mean confinement path length in the 
galaxy. Therefore, they are sensitive to the average amount of matter 
penetrated by the cosmic rays but not to details of the path length 
distribution. 

We present here new measurements of the hydrogen and helium 
isotopes 1 H, 2 H, 3 He, and 4 He (the "quartet") made with the University of 
Chicago experiment on the ISEE-3 spacecraft. Although this instrument 
was primarily designed to observe the electron component, it achieves ex- 
cellent isotopic resolution of the light nuclei, and permits reliable 
background determination over the energy range of nuclei stopping in the 
detector. A complete description of this instrument is given by Meyer 
and Evenson [1], Isotopic resolution is achieved using the standard A E 
vs . E method. Details of the analysis procedure will be given by Kroeger 
[2]. We achieved a mass resolution of approximately ± 0.34 amu FWHM (see 
figure 1). 

2. RESULTS . The abundance ratios of secondary to primary particles are 
presented in figure 2. The average ratios are 2 H/ 4 He=0.127±0. 006 (65-87 
MeV/n), 3 He/ 4 He=0 . 075±0.008 (65-87 MeV/n), and 3 He/ 4 He=0.074±0.005 ( 87- 
120 MeV/n). These ratios are not affected by anomalous helium fluxes 


*Supported, in part, by NASA contract NAS 5-26680 and NASA grants 
NGL 14-001-005 and NSG 7464. 
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Figure 1 

Mass histograms showing the isotopic 
resotution of the ISEE-5 instrument. 
The data were collected in 1979 in 
an energy range of 65-87 MeV/n for 
both 2 H and 3 He. The two hydrogen 
histograms are from using different 
detectors for the EE measurement. 

The bottom curve is composed of 
events classified as 2 H by the upper 
curve. Note the effective elimina- 
tion of the structured background 
due to protons. 


since these are significant only 
below 60 MeV/n. Calculations of 
solar modulation indicate that these 
ratios should vary by a factor of 
1.26 for 2 H/ 4 He (top panel) with the 
lowest ratio occurring in 1978 and 


the highest in 1981. The He/ He 


o 

a: 



i . me 

ratio should vary by 1.15 in the same 
manner (bottom two panels). The 
modulation effects are within the 
statistical errors of our 
measurements . 


3. DISCUSSION . The abundance ratios 
are interpreted using a leaky box ap- 
proximation for the confinement of 
cosmic rays in the galaxy. In this 
model effects due to interactions 
with the interstellar medium are in- 
cluded (i.e. energy loss due to 
ionization, nuclear destruction and production). . It is assumed 
source spectrum of cosmic rays is a power law in rigidity with a 
index of -2.2, and that the mean escape path length is given by, 



1979 


1980 1981 

Year 


Figure 2 


982 1983 


that the 
spectral 


A 


x 

X ( R / 5.5 )“ 0 * 6 


for R < 5.5 GV 
for R > 5.5 GV, 


where R is rigidity and X is the mean escape path length. We determine 
the path length X which best fits our data. 

During our measurements, solar activity changed from, near minimum 
conditions to solar maximum. Consequently, the flux of galactic par- 
ticles changed by an order of magnitude as measured at 1 AU . We account 
for modulation using a spherically symmetric convection diffusion model 
[3]. This model requires a suitable choice of the diffusion coefficient 
for particles in the heliosphere in order to simulate particular levels 
of modulation. The selection we make enables us to match the local 
interstellar 4 He spectrum calculated from the leaky box model to our 
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measured data. The diffusion coefficient we use is derived by inter- 
polating between the solar maximum and solar minimum diffusion 
coefficients obtained from Garcia-Munoz [4]. His choice of diffusion 
coefficients were gained originally from a comparison of the interstellar 
electron spectra with local measurements. In figure 3 we display the lo- 
cal interstellar 4 He spectrum and the modulated spectra that fit our 1978 
and 1981 data. Figure 4 compares our calculation of the modulated proton 
spectra with the measurements using the same diffusion coefficients that 
were determined from the 4 He fit. The fit to the proton data is excel- 
lent for the years 1978-1980. However, the calculation predicts too many 
protons for the years when modulation is strongest (a factor of 1.3). 
This apparent discrepancy can easily be resolved by small changes in the 
assumptions used in the leaky box model which effect the shape of the 
calculated interstellar spectra. However, rather than introduce addi- 
tional free parameters we prefer to use the simplest model .possible and 
neglect this discrepancy. Both 2 H or 3 He are expected to follow the 
modulation of 4 He more closely than protons since their rigidities are 
closer to that of 4 He for a given energy/nucleon. 




Figure 3 Figure 4 

All of the parameters in the propagation and modulation models have 
been either specified or determined except for the mean escape path 
length, X. Figure 5 shows our calculation of the 2 H/ 4 He ratio as a func- 
tion of energy for various path lengths X. The shaded region in this 
figure represents the range of variability caused by changing solar 
modulation. The upper side of the shaded region results from modulation 
for 1981. We compare our measurements (closed circles) with other recent 
measurements (open symbols, references 6-10) in this figure. Figure 6 is 
a similar display, but for the ratio 3 He/ 4 He. 

The mean path length X that best fits our measured abundance ratios 
is 7.6±0.4 g/cm 2 for the 2 H/ 4 He ratio (65-87 MeV), 6.0±0.3 g/cm 2 for the 
3 He/ 4 He ratio (65-87 MeV), and 5. 6+0. 2 g/cm 2 for the 3 He/ 4 He ratio (87- 
120 MeV). These ratios are weighted averages of the results from all six 
years. The difference between the best fit path length for H and He 
may be due to uncertainties in the production cross sections [5] used in 
this calculation. The mean between the two determinations is ap- 
proximately X=6.7 g/cm 2 . 
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Figure 5 Figure 6 

4. CONCLU SION . Our measurements of the spectra and fluxes of 1 H , 2 H, 
3 He, and 4 He can be fit using a standard leaky box model for galactic 
cosmic ray confinement. This model is essentially the same as that used 
by other authors to fit the B/C ratio with a similar leakage path length 
[11,12]. This model has also been successful in explaining the abun- 
dances of iron secondaries at higher energies [13]. 
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3 

Cosmic Ray He Measurements 
R. A. Mewaldt 

California Institute of Technology 
Pasadena, California 91 125 USA 

Cosmic ray 3 He/ 4 He observations, including a new measurement at —65 
MeV/nucleon from ISEE-3, are compared with interstellar propagation and solar 
modulation models in an effort to understand the origin of cosmic ray He nuclei. 

1. Introduction - The rare isotopes 2 H and 3 He in cosmic rays are believed to be of secondary 
origin produced by nuclear interactions of primary 'H and 4 He with the interstellar medium. 
There has recently been renewed interest in these isotopes as a result of indications from high- 
energy antiproton, positron, and 3 He observations that the origin of some primary H and He 
nuclei may differ from that of heavier cosmic rays. In this paper we report a new observation of 
low-energy 3 He, examine previously reported 3 He/ 4 He measurements at both low and high 
energies, and compare these with calculations of the expected 3 He/ 4 He ratio at 1 AU. We find 
no evidence for an excess of low-energy 3 He such as that reported at high energies. 

2. Observations - The new observation reported here was made with the Caltech Heavy Isotope 
Spectrometer Telescope (HIST) on ISEE-3 (now renamed ICE) during quiet-time periods from 
8/13/78 to 12/1/78. Figure 1 shows the He isotope distribution from the two highest energy 
intervals covered by HIST. This data results in a 3 He/ 4 He ratio of 0.066±0.016 from 58 to 77 
MeV/nucleon. Some of the 4 He in this energy interval is "anomalous" cosmic ray (ACR) 4 He, 
which has been corrected for using a decomposition of the ACR and galactic cosmic ray (GCR) 
fluxes [1], and their time history. The derived correction factor of 1.1 2 ±0.06 results in an 
"observed" GCR 3 He/ 4 He ratio of 0.074±0.018. 



Moss (amu) Kinetic Energy (MeV/nucleon) 


Figure 1 : The distribution of 
quiet-time 3 He (48 to 77 
MeV/nucleon) and 4 He (41 to 
67 MeV/nucleon) observed by 
the Caltech experiment on 
ISEE-3 during late 1978. 


Figure 2: Measured and calculated 3 He/ 4 He ratios. Spacecraft 
observations: ■ This work, 1978; □ Goddard-UNH, 1972 
[21; O Chicago, 1973-1974. Balloon data: V Rochester, 1966 
151; A UNH, 1972 [61; X UMd., 1972 [71; O UNH, 1977 
18 1. Geomagnetic method: [> Ioffe, 1976 [111; )X Chicago, 
198) [9,101. 
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Figure 2 shows our new measurement along with selected other 3 He/ 4 He observations. The 
spacecraft observations [2,3,4] are from the 1972-1978 solar minimum period and are limited to 
the 50 to 100 MeV/nucleon interval where contamination by ACR 4 He is minimized. Since the 
reported observations include ACR 4 He, each has been corrected as described above. Figure 2 
also includes observations from ~100 to 300 MeV/nucleon by balloon-borne instruments 
[5,6,7,81 (here referred to as "the balloon observations"). As discussed in the Appendix, we 
believe that the observations as reported (and as plotted in Figure 2) have not adequately 
corrected for 3 He produced in the atmosphere, and a proposed correction (typically — 16%) is 
therefore applied in subsequent Figures. At >300 MeV/nucleon the only observations use the 
geomagnetic method, including the recent Jordan and Meyer (J&M) measurement at —6 
GeV/nucleon [9,10], and an earlier result [11]. These experiments also fly on balloons, but are 
not subject to the same atmospheric corrections. 

3. Interpretation of ^He/^He Observations - To interpret the available 3 He/ 4 He data we use 
propagation calculations by J. P. Meyer [12], who calculated interstellar spectra for ‘H, 2 H, He, 
and 4 He for a variety of source spectra and mean pathlengths, using the standard "leaky-box 1 
propagation model. The source spectra were of the form dJ/dT <* (T + U) 2 ' 6 , where T is 
kinetic energy per nucleon and 0^U^938 MeV/nucleon. We calculated the effects of solar 
modulation on these spectra using the solar-minimum form of the interplanetary diffusion 
coefficient from Cummings et al. [13] and numerical solutions of the Fokker-Planck equation 
including the effects of diffusion, convection, and adiabatic deceleration. Results of these 
calculations are shown in Figure 2 for source spectra with U=500. 

By comparison with the calculations (e.g., Figure 2) each observation determines a leaky- 
box" escape-length (X ), as shown for U=500 spectra in Fujure 3. Note that the spacecraft and 
(corrected) balloon observations ail favor X , — 6 to 7 g/cm ; only the J&M measurement at —6 
GeV/nucleon indicates X >10 g/cm 2 . Table 1 summarizes the mean escape-lengths obtained. 
Note that the proposed atmospheric correction (see Appendix) lowers the mean escape-length for 
the balloon observations by — 1.6 to 1.9 g/cm (depending on the spectrum), and generally 
improves agreement with the spacecraft observations. Table 1 indicates that softer source spectra 
(e.g., U=200) lead to a somewhat greater X £ at low energies. This is both a propagation effect 
(see [12]), and a result of the increased solar modulation required for soft spectra. 

4. Discussion - We wish to determine whether the 3 He observations are consistent with the 
propagation/modulation models derived for heavier nuclei, or whether there is evidence for He 
nuclei with a separate origin and/or history. For the J&M measurement at ~6 GeV/nucleon we 
find a pathlength of —15 ±6 g/cm 2 (in agreement with their value), independent of the assumed 
source spectrum. This value is significantly greater than derived from the B/C or other Z>3 
secondary /primary ratios, which imply X — 5.5 g/cm at 6 GeV/nucleon [14], Thus, if the 
J&M measurement (and its interpretation) is correct, it does imply a high-energy 3 He excess, and 
a different origin for at least some high-energy He nuclei. 


Figure 3: Plot of the escape length 
determined by the observations in 
Figure 2. The mean and uncertainty 
of the spacecraft (S), corrected (BC), 
and uncorrected (BU) balloon obser- 
vations are indicated. 
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Table 1 - Mean Escape-Lengths (in g/cm 2 ) 


Source 

Spectrum 


Spacecraft 
Observations 
(~ 70 MeV/nuc) 


Balloon Observations 
(~ 200 MeV/nuc) m 
w/o atm, corr. atnucorr. ' 1 ' 


(T+500)" 2 6.3±0.9 


8.0±0.6 6.4±1.1 


( T+200 ) ” 2 * 6 8.9±1 .0 


9.7±0.7 7 . 8± 1.3 


(1) Uncertainty includes systematic uncertainty in 
the magnitude of the atmospheric correction. 


At low energies, the required ranges from —6 to -9 g/cm 2 (see Table 1), with the lower 
value appropriate to U=500, a spectral form consistent with most studies of the propagation and 
solar modulation of Z>3 nuclei (e.g., [15,14]). An escape length of 6 g/cm agrees well with 
that derived from the B/C ratio at similar energies (see, e.g., [16,14]). We conclude that low- 
energy observations of 3 He/ 4 He are in excellent agreement with the propagation and modulation 
parameters derived for heavier nuclei. 


The above conclusion agrees with most earlier studies of low-energy H and He isotopes that 
have included both propagation and solar modulation effects (e.g., [17,4,8]), but it is in marked 
disagreement with the recent interpretation of low-energy observations by J&M [9,10]. They 
suggested th|t balloon observations^ —100 to 300 MeV/nucleon were consistent with the 
^ e — 15 g/cm z escape-length required by their own measurement. After repeating their analysis in 
detail we conclude that J&M have significantly overestimated the pathlength required by the 
balloon data, as a result of a combinatioiLof factors, and that self-consistent interpretations of the 
low-energy data imply X e ( 4 He)<10 g/cm 2 . This conclusion is independent of the magnitude of 
the proposed atmospheric correction for the balloon data, but it is strengthened by the apparent 
need for this correction, and also by the spacecraft observations. 


Measurements of Z>3 nuclei imply a energy-dependent escape-length that decreases with 
energy above several GeV/nucleon. Figure 4 shows the expected 3 He/ 4 He ratio for the energy- 
dependent escape-length (^Qp(E)) of Ormes and Protheroe [14], for two spectral forms. Both 
spectra can be seen to be consistent with the low-energy 3 He/ 4 He observations and inconsistent 
with the J&M measurement. Although the U-500 curve falls somewhat above the data, it 
should be pointed out that Xqp(E) = 9 g/cm 2 at several hundred MeV/nucleon, which is also 
greater than required by the B/C ratio. Thus the marginal agreement for U-500 is most likely 
the result of an inadequacy of the energy dependence of ZiQp at low energies. 


Figure 4: Comparison of the 
observations with various energy- 
dependent propagation models 
(see text). The box indicates the 
envelope of the corrected balloon 
observations. 
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Recent observations of an excess of antiprotons and positrons at high energies have led to 
several new cosmic ray origin and propagation models in which some nuclei have traversed a 
great deal of material. Such models also produce an excess of 2 H and 3 He. As an example, 
Figure 4 shows the predicted 3 He/ 4 He ratio for the model of Cowsik and Gaisser [18], in which a 
"degraded" component of cosmic rays originates in "thick" sources surrounded by —50 g/cm 2 of 
material. While this model is consistent with the J&M observation, it exceeds the observed 
3 He/ 4 He ratio at low energies. By relaxing the assumption that the "normal" and "thick" sources 
have the same energy spectra and composition, it might be possible to fit both the high energy 
data (including the antiproton data) and the low-energy 2 H and 3 He observations. 

Acknowledgements: I thank Dr. J. D. Spalding for performing most of the HIST 3 He data 
analysis, Drs. M. Garcia-Munoz, C. J. Waddington, W. R. Webber, and M. E. Wiedenbeck for 
discussions of 3 He measurements, and Dr. E. C. Stone for helpful comments. This work was 
supported by NASA under grant NGR 05-002-160 and contracts NAS5-28441 and NAS5-28449. 

Appendix - Atmospheric secondaries are an important source of background for balloon-borne 
2 H and 3 He observations. One such contribution, which arises from the breakup of atmospheric 
N and O nuclei, leads to steeply falling spectra of 2 H and 3 He that are most significant below 
— 100 MeV/nucleon (see, e.g., [19,20]). While this source has been taken into account in most 
previous studies, an additional source, due to the breakup of primary 4 He and heavier nuclei, has 
generally been ignored. Although we are not aware of appropriate cross section measurements 
for 4 He breaking up into 3 He in collisions with CNO, with 4 He + p cross sections [12] at — 100 
to 300 MeV/nucleon —0.5 3 He and —0.4 2 H are produced per inelastic 4 He interaction. We 
might expect 4 He + CNO interactions to produce somewhat fewer 3 He and more 2 H than 4 He + 
p interactions [12], since CNO targets tend to fragment 4 He to a greater degree. As an estimate 
of the "fragmentation parameter" for producing 3 He from 4 He in interactions with CNO we take 
p 43”°-25^0.15, in which case a typical 3 He/ 4 He ratio of 0.1 at 0 g/cm 2 will increase by -17% 
at 3 g/cm due to this process. Using this estimate (see also [21]) we have re-corrected the 
balloon observations in Figure 2 to the top of the atmosphere. This presently uncertain 
correction might be measured with observations of 3 He/ 4 He vs. atmospheric depth. 
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Abstract 

A method is presented for separately identifying isotopes us i n 9 a 
Cherenkov detector and a magnet spectrometer. Simulations of the 
given for separating deuterium from protons. The 
are compared with data gathered from the 1979 flight 
Mexico State University balloon-borne magnet 
The simulation and the data show the same general 


method are 
simul at ions 
of the New 
spectrometer 


The data show 


characteristics lending credence to the technique, 
an apparent deuteron signal which is (lit 3)7. of the total sample 
in the rigidity region 38.5-50 GV/c. Until further background 
analysis and subtraction is performed this should be regarded as 
an upper limit to the deuteron/ (deuteron+proton > ratio. 

1. Introduction^ Measurement of particle mass by combining 
information about a particle's velocity and its momentum is a 
concept usually introduced in lower division physics courses. We 
employ a variation on the technique wherein the quantities 
measured are the light level in a Cherenkov detector and the 
deflection (1/magnetic rigidity). Cosmic ray Cherenkov 
and magnet spectrometers have limited capabilities at 
In this paper these limitations are explored using 
-carlo simulations based on the characteristics of the NMSU 
then compare the expected performance with data 


magnetic 
detectors 
present . 
monte 

spectrometer . 

gathered in the most recent flight of the spectrometer . 

2. Simulations.. The basic approach used here to separate 
isotopes is to plot the two measured quantities, light level (in 
the Cherenkov detector) vs magnetic deflection. For a given 

particle the light level should be consistent with zero at 
deflections 1 arger than the Cherenkov threshold (ie at rigidities 
below the Cherenkov threshold). At deflections less than the 
Cherenkov threshold a small amount of light would be registered 
and at progressively smaller deflections, the light level should 
rise to a maximum which is determined by the characteri sties of 
the particular detector (and the charge of the particle). The 
relationship between deflection and light level can be derived 
from the more classical representations ( see eg (1) ) by 
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defining d T as the deflection threshold and Nmax as the light 
level for a /S =1 (ie deflection = 0) particle. In this case we 
have: ' 

N = tVxCl - <C) T /CD 2 ) 

where N is the average number of photoelectrons 
and d is the magnetic deflection. 

The deflection thresholds for particles of different masses are 
related by: 

Cd T > 1 /<d T ) 2 = r^/r^ (2) 


For the flight in question, the Cherenkov detector had a 
proton Cherenkov threshold corresponding to a deflection of 0.43 
c/GV (23 GV/c rigidity). Figure la shows light level vs 
deflection curves derived from equations 1 and 2 using a proton 
threshold of 0.23 GV. These curves neglect uncertainties in the 
light level and the deflection. Note that two types of particles 
(protons and deuterium) are shown. The two types have different 
Cherenkov rigidity thresholds and different light-level vs 
deflection curves owing to their different masses. 
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In order to assess the effects of finite deflection 
resolution and statistical fluctuations in the photoel ectron 
count, we have repeated the calculation for Figure la with the 
addition of gaussian errors in the deflection and light level for 
each event. The deflection error distribution had a sigma of 
0.029 c/GV (correspondi ng to an MDM of 350 GV/c) , and the light 
level was varied by a gaussian whose sigma was sqrt (N) . The 
maximum light level was taken to be 10 photoelectrons. A poisson 
distribution in light level would have been more correct but the 
difference is only noticeable at low light levels. Figure lb 
shows the distribution for 3000 protons; Figure lc shows the 
expected distribution for 300 deuterons, and Figure Id shows the 
distribution for 3000 protons and 300 deuterons, combined. Note 
that the deuteron signal is still visible in Figure Id. By 
comparing Figs. lb, lc and Id we see that the best place to test 
for deuterons is at low light levels at deflections just to the 
right of the deuteron threshold. Note also that as one moves 
progressivly left of the deuteron threshold, the counts should 
diminish to zero. 

Qbservat ions. Initial selection of events to be used in the 
deuterium hunt was similar to the selection of protons in the 
antiproton hunt reported elsewhere (2) , <3> . The quoted 
deflection resolution for this sample 0.08 c/GV cor respondi ng to 
a maximum detectable rigidity of 125 GV/c. Studies of e- 
encountered during the flight showed that the maximum light level 
for the experiment (averaged over all tra jector i es) was about 7 
photoelectrons. In order to obtain a data sample with a 
deflection resolution of 0.029 c/GV, only trajectories that 
traversed more than 5 KG— m of magnetic field were selected. 
Studies of the e- indicated that by eliminating trajectories that 
went near the mirror edges, and by using only events whose 
photons should have been centered within 14 cm of a phototube 
face, the average maximum light level could be raised to about 10 
photoelectrons. About. 15V. of the protons reported in the 
antiproton papers (2) , (3) survived these additional criteria. 
Figure 2 shows the light-level vs deflection points from the 
events selected. The similarity between Figure 2 and Figure Id 
indicates that at least qualitatively the instrument response is 
as expected. The region where deuterons should be detectable 
does indeed have a few counts in it, and the region from zero 
deflection to the deuteron Cherenkov threshold appears to contain 
relatively few counts. The reader is cautioned however that a 
detailed background subtraction has not yet been performed. It 
is possible that the events at low light-level near the deuteron 
threshold are due to spillover from the protons near their 
Cherenkov threshold. 
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Figure 2. 
Light Level vs 
Deflection 
(3115 events) 


Deflection <c/GV> 


In order to estimate the deuteron content (upper limit for 
now) indicated by Figure 2, we have computed the ratio of G-off 
events to all events as a function of deflection. G-off events 
are defined as those whose light-level is within the limits shown 
on Figure 2. This ratio is shown in Figure 3. Note the apparent 
"shelf" in the deflection region 0.02-0.03 c/GV. The average 
value of the leftmost three intervals is (lit. 3)7.. This could be 
regarded as a measurement of the deuteron/ (deuteron + proton) 
ratio except that a background subtraction has not been made. 
Thus the result must for now be regarded as an upper limit. 
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Figure 3. 


Fraction of G-off Events vs Deflection 
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A new estimation of the interstellar proton spectrum 
is made in which the source term of primary protons 
is taken from shock acceleration theory and the 
cosmic-ray propagation calculation is based on our 
proposed nonuniform galactic disk model. 

It appers that above 10 GeV the interstellar proton spectrum can be 
determined with an absolute accuracy of ±.20%. However, at lower energies 
the divergence among various spectral estimations is much more serious; 
this is due to the existence of solar modulation. Thus one needs to 
deduce the interstellar proton spectrum through his own demodulation 
calculation. The deduced proton spectrum is obviously dependent upon 
the model of solar modulation used. 

Recently, an interesting attempt for deducing the interstellar 
proton spectrum is reported(l), in which a source term of primary protons 
suggested by shock acceleration theory is adopted and the cosmic-ray 
propagation calculation is based on the leaky box model. Since from our 
recent analysis of the high-energy electron spectrum(2) we are aware that 
the dominant part of observed protons comes from the dence H cloud region, 
it is argued that the corresponding propagation calculation should be 
based on the nonuniform galactic disk (NUGD) model(3). 

Here we will present a brief introduction to the NUGD model. 

According to it the observed cosmic rays contain two components: the 
distant component and the local component. As shown in Fig. 1 by the 
double-line arrows, the distant (left) component of cosmic rays, starting 
from the cosmic-ray confinement volume above the H 2 cloud region (Box 2) 
can reach the solar neighbourhood by escaping into the H 2 cloud region 
(Box II), then by propagating along the magnetic tube (Box I) inside 
which the solar system is located. On the other hand, the local (right) 
component of cosmic rays originates from their confinement volume in the 
solar vicinity (Box 1). The fraction, £ , of locally produced protons in 
the observed proton flux is found to be only 5±1 %(2). 

The main problem in extending the application range of the NUGD model 
to the low energy range is caused by a lack of knowledge of the convection 
velocity (V) of cosmic rays. Thus at low energies one is unable to 
determine a precise shape of the cosmic-ray escape pathlength (A ) in 
Box II or to estimate the cosmic-ray intensity variation along tne 
magnetic tube (Box I) . Nevertheless, it is noted that if we limit 
ourselves to interstellar protons with kinetic energy, T ? 1 GeV, to a 
great extent we can avoid the difficulties shown above. ^Actually, the 
proton intensity in the H 2 cloud region (Box II) should be the same as in 
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Box 1 or Box 2, because it is found experimentally that there is a lack 
of any cosmic-ray gradient, at least in the inner Galaxy (see Ref. 4). 
Note that at any given rigidity (R) protons are the dominant component of 
cosmic rays. Hence we do not need to use the unknown parameter to 

estimate the proton intensity in Box II (hereafter the subscripts 1, 

2, I and II represent the quantities referred to Boxes 1, 2, I and II 
respectively) . 


Regarding the ^ value in Box 1 or Box 2 we will use the empirical 
relationship( 1) deduced from measured data on heavy nuclei. Furthermore, 
in Box I the pathlength (x ) of cosmic rays to reach the solar 
neighbourhood has been es timated( 2) . It is noticeable that even if 
cosmic-ray particles lack any convection motion in Box I, protons with 
T ? 1 GeV should have a value of x le$s than 0.3 A , where A is the 
mian inelastic interaction length of interstellar prBtons, to P reach the 
solar neighbourhood. As a result, the proton intensity variation along 
the magnetic tube should be insignificant, and we will only consider two 
extreme cases (V= 0 and V= 300 km/s) to estimate the range of variation 
of the proton spectrum. 


need 


In order to deduce the proton intensity N ^ i- n Box 1 or Box 2 we 
to solve the continuity equation of primaFy protons, 


1 1 

N .„( + — r— ) = q 

p » 

el2 p 


r w 1 

p 12 + 3 t j 

p p 


00 1 dN (T' ,T') 




dT 


Pl2 


(1' )dT' 


( 1 ) 


where q is the source term of primary protons and dN /dT = 1/T' is the 
energy ^distribution of protons after their inelastic^ P P 


interactions. From shock acceleration theory we have 

, -(2+7), 

Sl2 = k 0p P ^p C * 


( 2 ) 


where p is the proton momentum, k^ is a constant, *} = 0.05 and ^ c is the 
proton velocity. Since at low energies the power law approximat?on of 
N 12 an d the constant approximation of cannot be used, an iteration 
p procedure is used to obtain the numerical solution of N^^ • 




Further, the propagation of interstellar protons along the magnetic 
tube (Box I) can be described by using a slab model, 
dN _(T ,x T ) N (T , x T ) /°° 1 dN (T ,T') 

. P* P. (T ' ,x T )dT 1 , (3) 

j.. ,i l I* an- Pi P 1 P 


dx 


T A 

P P 


where the initial value of N should be N ^ after any possibly 
adiabatic deceleration in thE assumed bounHary layer s^ (see Fig. 1)(3). 
At lower energies we also have 

-0.7 l/2s-2 (4) 


X I ^ X I0 R 


(l+(l+2q ) 1/2 ) 2 
s 


where x_„ is a constant, q = Vl g /Kj and yC is the diffusion coefficient 
of cosmic rays. Similarly^ a numerical method is developed to obtain the 
solution of Eq. (3) in the solar neighbourhood, N . Thus the proton 
intensity predicted for the NUGD model should be 


where 


N 

PP 


( 1 - 6 ) 

ps 


+ £ N 


p!2 ’ 


£= 5±1 % as deduced from Ref. (2). 


(5) 


It is found that the effect of taking various values of V is 
negligible, and the resultant cosmic-ray proton spectrum in the solar 
neighbourhood can be parametrized as„ 7C . 

2*10 T 

ipp ( T p< GeV >> = P -1 . 58 ’ (m _2 s~ 1 sr~ 1 GeV' 1 ) (6) 

1+ C 1 T p 

2 3 

where C, = 15.0 - 6.05lnT + 2.841n T + 0.1691n T . (7) 

1 P P P 


The predicted j spectrum is not only in accordance with the 
existing proton data P !t T ^ 10 GeV, but also is consistent with the low- 
energy proton data measurld in the period of solar minimum(5) (see Fig. 2). 
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The modulated spectra in Fig. 2 are obtained from our predicted j 
spectrum by using the force field approximation. It appears that* 3 * 3 the 
measured data are consistent with our modulated spectrum with ^ = 200±200 
MV, where <f> is the mean energy loss per nucleon in the heliosphere for 
cosmic-ray nuclei(6). 

Finally, in Fig. 3 our deduced interstellar proton spectrum (TA) is 
compared with the results of other authors (0P(1) ,M0(7) ,ZU(8) and JK(9)). 
It is noticeable that our proton speccrum is close to the demodulated 
spectra recently suggested in Refs. (8) and (9), indicating the general 
reasonableness of the demodulation processes used in these works. In 
conclusion, the parametrized expression of our deduced interstellar 
proton specrum should be useful in various cosmic-ray calculations, in 
particular in the estimation of the production rates of cosmic-ray 
secondary particles in interstellar spase. 
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ABSTRACT 

Using a propagation calculation with energy dependent 
parameters, including the depletion of short pathlengths, 
and incorporating experimental nuclear excitation functions, 
the variation of the °Be/”Be ratio with the matter 
densities in two nested confinement regions is investigated. 
It is shown that there is no unique correspondence Between a 
^Be/^Be measurement at low energy and the density of matter 
in the galaxy. U Be/^Be measurements at both low and high 
energy are needed to fully specify the matter densities. 


1. Introduction In recent years considerable progress has been made 
in determining the energy dependence of the pathlength distribution 
(PLD) for cosmic ray propagation at low energies in the interstellar 
medium (Garcia-Munoz et al., 1985). However, previous analyses of 
radioactive cosmic ray isotopes have been done in the context of the 
simple "leaky box" model, which does not explain, simultaneously, the 
energy dependence of the measurements of both light and heavy secondary 
to primary elements (such as B/C and V/Fe or Sc/^g). In this report, we 
present results of propagation calculations for Be/ Be using 
experimental nuclear excitation functions and energy dependent 
parameters in the PLD which give results in agreement with both B/C and 
sub-Fe/Fe ratios from 100 MeV/n to 30 GeV/n. 

2. The Propagation Calculations The propagation code employs the 

weighted slab technique to calculate the abundances of 96 stable, long- 

lived or electron capture isotopes from ^He to ®**Ni. Radioactive 

decay (3 , ff", electron capture) is treated explicitly; the effects of 
ionization energy loss are included; and energy dependent total 
inelastic cross sections, based upon compiled experimental data, are 

employed. The partial fragmentation cross sections are based upon semi- 

empirical formulae of Silberberg and Tsao (1973), modified using 

available experimental data. Cosmic ray source abundances are from 

Garcia-Munoz and Simpson (1979), and the ratio of H to He in the 
interstellar medium is from Cameron (1981). The majority of the cosmic 
ray data used here were collected during the last period of minimum 
solar modulation (1974-1979), and the calculations include modulation 

with an adiabatic deceleration parameter 4> = 490 MV (Evenson et al., 
1984). 
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The propagation 
code was run in two 
modes: single and double 
runs. In a single run, 
the abundances of all 
species were calculated 
for a series of slabs 
and then weighted by a 
single, energy dependent 
pathlength probability 
distribution. Such a 
PLD is illustrated in 
Fig. 1 where the inset 
(B) shows the overall 
shape of the Double Exponential 



Kinetic Energy (MeV/nucleon) 


Fig. 1: The energy dependent DE PLD. 

(DE) form, composed of two exponentials 


with means X-, and Xg, where X2 represents the depeletion of short 
pathlengths (Garcia-Munoz et al., 1984). The energy dependences of X-j^ 
and Xg, shown on part A along with the mean pathlength <X>, are 
determined by fitting the B/C and sub-Fe/Fe data over the energy 
range 0.1 - 30 GeV/nucleon (Guzik and Wefel, 1984). The DE PLD is 
qualitatively similar to earlier models (Garcia-Munoz and Simpson, 
1970), e.g. the PLD in the "nested leaky-box" model (Cowsik and Wilson, 
1975), but is quantitatively different since our DE PLD includes energy 


dependent parameters. 


Fig. 2 shows a comparison of the calculated Be/^Be ratio for 
different PLD's, for a constant density of 0.5 atoms /cm • The dashed 
line is for a simple energy independent exponential which is 


characteristic of the "leaky box" model. Note that when energy 
dependence of the mean of the PLD is included (lower solid line) the 
shape of the predicted "^Be/^Be is modified. However, neither of these 
PLD's fit both the B/C and sub-Fe/Fe ratios. Such a fit requires an 
energy dependent depletion of short pathlengths (a truncated PLD, see 
Garcia-Munoz et al., 1984) and results for two types of truncation 


(yielding essentially identical 
results) are shown on Fig. 2 
(upper solid and dot-dashed 
curves). Note that above 
several GeV/nucleon the curves 
converge, as expected, since at 
higher energies the truncation 
becomes negligable (c.f. Xg on 
Fig. l). 

In analogy with the "nested 
leaky box" model, the two 
components of the energy dependent 
DE PLD can be associated with 
confinement in an inner region of 
density p (i.e. around the 
sources) nested within an outer 
region of density p (i.e. the 

Galaxy) (Guzik and Wefel, 1984). 



Fig. 2: ^Be/^Be results for 

different PLD's. 
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Fig. 3: ^Be/^Be ratio as a 

function of density. 


Double runs were used to study this 
configuration of confinement regions. 

In the first step, the propagation code 
is run with an exponential PLD whose 
mean follows the curve given by X 2 on 
Fig. 1. For this step the matter 
density has the value p . Next, the 
results of step 1 are used as the 
source for a second calcualtion (with 
matter density P 0UI ,) whose PLD mean 
follows the X-[_ curve on Fig. 1. This 
two step method allows us to treat 
separately the densities in the inner 
and outer regions, which, physically, 
could be quite different. 



KINETIC ENERGY (MeV/nucleon) 


3. Results Figure 3 shows results 
for different matter densities from 


Fig. 4: Results of the two- 

step analysis compared to 
experimental data. 


single runs using the DE PLD with 

P IN = p OUT" curves converge at 

high energy due to relativistic effects, 

and for low energy, the survival of u Be is directly dependent upon the 
natter density. The low energy satellite experiments give a mean value 
^Be/^Be = 0.13 ± 0.03 at ~100 MeV/n which implies from Fig. 3, a 
matter density of 0.23 ± 0.06 atoms/cm , consistent with previous 
results which employed single density analysis. 


Fig. 4 shows the result of the two-step calculations compared to 
experimental data (o, • - Garcia-Munoz et al., 1977, 198l; 

□ - Wiedenbeck and Greiner, 1980; V - Webber et al., 1977; ^-Webber and 
Kish, 1979; A - Hagen et al., 1977). The top panel shows the 
calculated ^Be/^Be ratio for fixed Pq^jj, with p^ allowed to vary from 
0.05 to HK atom/cm . Different values for p spread the predicted 
tier Be ratio at low energy by about a factor of two. The curves 
converge above 1 GeV/n since the effect of the inner region decreases 
with increasing energy. In this model a measurement of the aerBe 
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ratio does not uniquely determine the density in the confinement region. 

The measured "^Be/^Be ratio at low energy can provide hounds on the 
density in the outer region. This is illustrated in the lower panel of 
Fig. 4 where curves A and B show the total spread in the predicted ratio 
for Pqjjj, = 0.2 atoms/cm. Assuming a large value for P_„ allows a 
jgaller value of Pq™ to be used to reproduce a given value of the 
u Be/ y Be ratio, as shown by curve C which forms a lower bound to the 
experimental data. Conversely, assuming a minimum value for P^, a 
value of Pqut = 0.5 atom/cnr give an upper limit to the low energy data. 
Thus, the available measurements constrain P to the range 0.05 - 0.50 
atoms /cm , below the average density of ~1 atom/cnr for the galactic 
disk and above the density of 0.01 atoms /cnr of a galactic halo. 

4. Conclusions The cosmic ray PLD, including an energy dependent 
depletion of short pathlengths, can be represented as two "nested" 
^gnfinement regions having different matter densities. The available 

Be/^Be measurements do not uniquely determine the density in the outer 
region, but they do limit the allowed values to a range of 0.05 and 0.50 
atoms /cm . u Be/ y Be data at high energy (currently unavailable) 
combined with existing measurements at low energy can determine the 
matter density in both volumes. 

5 . Ackn owle dgeme nt s This work was supported by NASA, at LSU under 
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IMPLICATIONS OF NEW MEASUREMENTS OF 16 0 + p -*■ 12 > 13 C, 14 » 15 N 
FOR THE ABUNDANCES OF C, N ISOTOPES AT THE COSMIC RAY SOURCE 


T. G. Guzik and J. P. Wefel 

Dept, of Physics and Astronomy, Louisiana State University 
Baton Rouge, LA 70803-4001 


H. J. Crawford,* D. E. Greiner, P. J. Lindstrom, 
W. Schimmerling and T. J. M. Symons 
Lawrence Berkeley Laboratory 
Berkeley, CA 94720 USA 


ABSTRACT 

The fragmentation of a 225 MeV/n ^0 beam has been 
investigated at the Bevalac. Preliminary cross sections for 
mass = 13,14,15 fragments are used to constrain the nuclear 
excitation functions employed in galactic propagation 
calculations. Comparison to cosmic ray isotopic data at low 
energies shows that in the cosmic ray source ^C/C <_ 2 % and 
4 N/0 = 3 - 6%. No source abundance of ^N is required with 
the current experimental results. 


1. Introduction : The interpretation of cosmic ray measurements in 

terms of the source abundances and the propagation conditions requires 
accurate nuclear physics parameters. The current cosmic ray data is, in 
many cases, better than our ability to interpret it. In particular, the 
interpretation of the isotopic abundances of carbon and nitrogen, as a 
function of energy, requires nuclear excitation functions for masses 13, 
l4 and 15, and we report here preliminary results from an experiment 
designed to study the fragmentation of D 0 at intermediate energy. 


2. The Bevalac Experiment : 
arrangement at the LBL Bevalac 
passed through monitors SI 
and S2, focussing and 
bending magnets, and 
steering scintillators 
upstream of the target, 
located in a vacuum tank. 
Fragments from interactions 
in the targets (~ 1 g/cnr C 
and CH2) were measured 
~7 meters downstream in the 
cave with a solid state 
detector telescope (Scope) 
which was moveable in order 
to study the angular 
distributions of the 
fragments. The Scope 
consisted of three x-y 


Figurggl shows the experimental 
The D 0 beam, incident from the right. 


LBL Bevalac -Beam 40 -Experiment 683H 
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Fig. 1: Experimental Configuration 
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planes of position-sensitive detectors and a stack, of 30 Li-drifted 
detectors. The ^E-E technique was employed to measure the mass of each 
particle stopping in the scope. 


Six angular positions from 0° to 2.75° were studied and the cross 
sections were obtained by integrating under the normalized angular 
distributions after correction for background, beam effects, and 
interactions in the detector stack. Hydrogen target cross sections were 
obtained by CH2-C subtraction. The 
isotopes of B, C, N and 0 have been 
analyzed to date, and here we focus 
on the A= 13, l4, 15 isobars for 
which the cross sections in hydrogen 
are : 


A 

A 


= 13: 
= l4 : 

15 h . 


15 ; 


N: 

0 : 


This Work 
24 ± 2 mb 
40 + 4 mb 
27 ± 2 mb 
50 ± 20 mb 


Predicted 

(23.9 mb) 
(50.4 nib) 
(24.6 mb) 
(34.2 mb) 


compared to the predictions of the 
semiempirical equations. (Silberberg 
and Tsao, 1973). For 14 ’ 15 0, 
significant measurements were 
obtained only at large angles due to 
a beam veto circuit used at small 
angles to reduce the number, of 
v nuclei analyzed. The ’ ^0 
measurements were extrapolated to 0° 
thereby accounting for the large 
uncertainty. For the astrophysical 
interpretation, we prefer to rely on 
the semiempirical values for ’ ^0, 
until additional experimental data 
can be analyzed. 

Figure 2 shows the results of 
this experiment compared to previous 
data and to various excitation 
functions: solid curves — 

semiempirical formulae; dashed 
curves — scaled from 12 C 
measurements; dot-dash curves — 
"limiting" cases (Guzik, 198I; Guzik 
and Wefel, 1984a). For A = 15, the 
predicted excitation functions are 
similar, and the present results are 
in agreement with semiempirical or 
scaled predictions. For A = l4, 
however, the present results are 
closest to the scaled curve, while 
for mass 13 the semiempirical curve 
indicated. In all cases the 



is 


Fig. 2: Excitation Functions 

for A = 13,14,15 Isobars 
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measurements do not support the "limiting" curves. It should be noted 
here that the present results are still preliminary and that 
measurements at additional energies will be necessary to fully determine 
the energy dependence of these excitation functions. 



3» The Astropbysical Interpretation : Isotopic measurements of 

nitrogen are presently available at both low and high energy. In the 
latter case, the results at the cosmic ray source give ( 14 N/0) S = 

5 - 10% with no^N required (Goret 
et al., 1983; see also review in 
Guzik, 1981). At low energy (~ 150 
MeV/n), there are several reported 
isotopic measurements (Guzik, 1981; 

Wiedenbeck et al., 1979; Mewaldt et 
al. , 1981) whose interpretation 
depends upon the adopted nuclear 
excitation functions. Isotopic 
measurements of 1 ^C/C (Mewaldt et 
al., 1981; Wiedenbeck et al., 198l) 
provide a ( 1 ^C/C) S ratio which can 
be compared to ~x!/C measured in 
different regions of the galaxy 
(Wannier, 1980). 

The three excitation functions 
shown on Fig. 2 have been 
incorporated into cosmic ray 
propagation calculations using a 
pathlength distribution with energy 
dependent parameters, including the 
depletion of short pathlengths which 
reproduces the measured B/C and sub- 
Fe/Fe ratios over the full energy 
range 0.1 - 50 GeV/n (for details 
see Garcia-Munoz et al., 1984; Guzik 
et al. , 1985; Guzik and Wefel, 

1984a ;b). The results are shown on 
Figures 3 and 4 where the curves 
correspond to the excitation 
functions shown on Fig. 2. 

The weighted mean of the low 
energy nitrogen data points (shown 
individually for comparison) is 
indicated as the solid box in the 
center of Fig. 3* and the dashed 
lines labeled (■*■ uJ/0) s give the 
locus of points for different source 
abundances (no -N at the source). 

For the calculations to reproduce 
both the elemental and isotopic 
ratios, at the 1<? level, excitation 
functions between the scaled and 


N/0 RATIO AT EARTH 


Fig. 3: Results for Nitrogen 
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13 c/c 
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Fig. 4: Results for Carbon 
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limiting cases are required. Qur preliminary cross section 
measurements, however, indicate a more complicated excitation function 
falling between the solid and the dashed curves. The results of a 
propagation calculation using such an excitation function is 
inconsistent with the la data box on Fig. 3, but in agreement at 
the 2o level for N/0)g = 3 - 6%. 


Fig. 4 shows the results for ^C/C. The center horizontal line is 
the measured ratio with the uncertainty indicated by the lighter 
horizontal lines. The solid excitation function is favored on Fig. 2 
which implies (^C/C)g = 1.4 ± 0.6%, in agreement with material found in 
the solar system but below the ratio observed for matter at the galactic 
center. 


4 . Conclusions : Using new cross section data, measured at the 

Bevalac , for the fragmentation of lfc> 0 at intermediate energies , galactic 
propagation calculations can reproduce the measured ^C/C data with a 
source component ( ^C/C)g = 1.4 + 0.6%, a value below that observed in 
the galactic center. The calculated results for nitrogen fall below the 
average and N/0 ratios but are consistent with the data at the 2 a 

level for (^N/0) s = 3-6% and no in the cosmic ray source. 
Additional nuclear physics measurements are needed to fully specify the 
excitation functions and to explain, completely, the existing cosmic ray 
data. 


3 . Acknowle dgement s : This work was supported by DOE, under grant DE- 

FG05-84ER4014T at LSU, and by NASA grant NGR-05-003-513 at Berkeley. 

References 

Garcia— Munoz , M., Guzik, T. G., Simpson, J. A. and Wefel, J. P., 1984, 
Ap. J. Letters, 280, L13. 

Goret, P., et al.. The Saclay -Copenhagen Collaboration, 1983, l8th 

I. C.R.C (Bangalore), 2, 29. 

Guzik, T. G., Wefel, J. P., Garcia-Munoz , M. and Simpson, J. A. , 1985, 
paper OG 4.3-1, this volume. 

Guzik, T. G. and Wefel, J. P., 1984a, Adv. Space Res., 4, 93. 

Guzik, T. G. and Wefel, J. P., 1984b, Adv. Space Res., ¥, 215. 

Guzik, T. G., 1981, Ap. J., 244, 695- 

Lindstrom, P. J., Greiner, D. E. , Heckman, H. H., Cork, B. and Bieser, 

F. S. , 1975, LBL Report 3650, (unpublished). 

Mewaldt, R. A., Spalding, J. D., Stone, E. C. and Vogt, R. E., 1981, Ap. 

J. Letters, 251 , L27 . 

Silberberg, R. and Tsao, C. H. , 1973, Ap. J. Supplement, 25_, 315. 
Wannier, P. G., 1980, Ann. Rev. Astr. and Astrophys. , 18 , 399* 

Webber, W. R. , Brautigam, D. A., Kish, J. C. and Schrier, D. , 1983, l8th 
I.C.R.C. (Bangalore), 2_, 198. 

Wiedenbeck, M. E. and Greiner, D. E. , 1981, Ap. J. Letters, 247 , L119. 
Wiedenbeck, M. E., Greiner, D. E., Bieser, F. S., Crawford, H. J., 

Heckman, H. H. and Lindstrom, P. J., 1979, l6th I.C.R.C. (Kyoto), 1_, 
412. 



84 


OG 4.3-3 


THE ISOTOPIC COMPOSITION OF COSMIC RAY CHLORINE 
M. E. Wiedenbeck 

Enrico Fermi Institute and Department of Physics 
University of Chicago, Chicago, IL 60637 USA 


ABSTRACT 

The isotopic composition of galactic cosmic ray chlorine 
(E-225 MeV/amu) has been studied using the high energy 
cosmic ray experiment on the ISEE-3 spacecraft. The abun- 
dances of 3 5 C1 and 37 C1 are found to be consistent with 
the secondary production expected from a propagation model 
developed to account for both light and sub-iron second- 
aries. An upper limit on the abundance of the radioactive 
isotope 3 6 C1 (halflife - 0.3 Myr) is used to set a lower 

limit on the confinement time of cosmic rays of r '-l Myr. 

1. Introduction. Studies of the abundances of secondary cosmic ray nuc- 
lides at low energies (<500 MeV/amu) have shown that no single exponen- 
tial distribution of pathlengths is adequate for the simultaneous inter- 
pretation of both the light secondaries, Li, Be, and B, and the sub-iron 
secondaries, Sc through Mn (see [1], and references therein.) As a 
consequence, more elaborate models involving pathlength distributions 
which are exponential for long pathlenghts, but which are deficient in 
short pathlengths (<l-2 g/cm 2 ), have been developed [1]. The necessity 
of introducing a second parameter (the amount of truncation) in order to 
explain the abundances of two groups of secondary nuclides raises the 
question of whether the propagation model is generally applicable or 

simply an empirical fit with enough free parameters to permit agreement 

with a relatively small body of data. This question is of considerable 
practical importance since such propagation models are used to calculate 
the secondary corrections needed to derive cosmic ray source abundances 
from the observed abundances of nuclides of intermediate mass, including 
the isotopes of neon, magnesium, and silicon, which are found to differ 
significantly from solar system composition. If the propagation model 
used did not accurately predict the secondary production of species of 
mass intermediate between the light elements and the sub-iron elements, 
sizeable errors in the derived source composition would result. 

It is important to directly check the adequacy of accepted propaga- 
tion models by testing their predictions of abundances of intermediate 
mass secondary nuclides. However, few elements between Z=10 and Z=20 
are clearly dominated by secondaries. Observations of the elemental 
abundance of cosmic ray chlorine (Z=17) suggest that the isotopes 3 5 C1 
and 7 C1 may both be dominantly secondary, but direct measurements of 
the isotopic composition of chlorine are needed to check whether this is 
indeed the case. 

In addition, the radioactive isotope 3 6 C1 (halflife - 0.3 Myr) is 
one of the relatively small number of nuclides with Z < 28 which beta 
decay on a time scale suitable for studying the confinement time distri- 
bution of cosmic rays. Since its half life is shorter than that of the 
other beta-active nuclides which have previously been investigated ( 10 Be 
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1.6 Myr; 26 A1, 0.87 Myr) , it is useful for investigating the density of 
the matter encountered by cosmic rays during the final few percent of 
the time required for transport to the vicinity of the Earth. 

2. Observations. We have investigated the isotopic composition of ga- 
lactic cosmic ray chlorine using data from the high energy cosmic ray 
experiment on the ISEE-3 spacecraft. These data, collected between 
August 1978 and April 1981, cover an energy interval from 140 to 360 
MeV/amu. The instrument consisted of a silicon solid state detector 
telescope used to measure energy losses and total energy and a gas pro- 
portional drift chamber used to measure cosmic ray particle trajector- 
ies. The mass uncertainty is dominated by trajectory errors, and there- 
fore increases rapidly with the angle of the particle's incidence, 
measured from the normal to the detector surfaces. In previous studies 
of the isotopic composition of elements with Z<16 it was possible to 
restrict the analysis to events with incidence angles less than some 
maximum chosen to permit nearly complete separation of the individual 
mass peaks while retaining reasonable statistical accuracy. For 16<Z<26 
however, the combination of poorer mass resolution (which is approxi- 
mately proportional to mass) and small natural abundances does not per- 
mit the selection of a fully resolved data set. Figure 1 shows the 
chlorine mass histogram obtained by utilizing data with incidence angles 
of 20° or less. Peaks corresponding to masses of 35 and 37 are evident, 
while 3 6 C1 is significantly less abundant and is not resolved from the 
other isotopes. 

Quantitative evaluation of the 
isotopic abundances (especially of 
3 6 C1) requires a detailed under- 
standing of the instrument's re- 
sponse to a mono-isotopic particle 
population. In order to obtain 
such an understanding, we have stu- 
died the dependence of mass resolu- 
tion on incidence angle (6<20°) for 
a number of abundant nuclides which 
are resonably well resolved from 
adjacent isotopes. The angular de- 
pendence is well fit by 

0 M = / (a 2 + b 2 *sin 2 20) . 

This form, with b^M, is expected as 
a result of the fact .that the mass 
resolution is dominated by trajec- 
tory uncertainties. The dependence 
of the coefficients a and b on the 
mass (or, equivalently, the charge) 
of the nuclide was studied by fit- 
ting this form for stable nuclides 
with mass numbers between 6 and 34, 
and for 4 5 Sc and 56 Fe. These coef- 
ficients were found to depend smoothly on mass over the entire range 
studied, and the b coefficient was proportional to mass, as expected. 

The abundances of the three chlorine isotopes were obtained using a 
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maximum likelihood fit to the observed distribution of calculated masses, 
assuming the above functional dependence of mass resolution on incidence 
angle. The values of a and b obtained for chlorine agree, within errors, 
with the trend found for the other nuclides studied. The fitted mass 
distribution, together with the three isotope peaks of which it is com- 
posed, is shown superimposed on the observations in Figure 1. The de- 
rived isotope fractions, when combined with our observation of the el- 
ement ratio Cl/S = 0.20 ± 0.02, yields the following near-Earth abun- 
dance ratios: 35 C1/S = 0.116 ± 0.024, 36 Cl/S < 0.048, and 37 C1/S = 

0.058 ± 0.016. The errors shown are one standard deviation, and the 
36 C1 upper limit is at the 84% confidence level. The element sulfur was 
chosen for the normalization since it is the nearest dominantly primary 
element to chlorine. 
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Figure 2. Observed chlorine 
Aj>otope abundance [relative to 
the elemental sulfur abundance.) 
are compared with the results of 
a propagation calculation l hor- 
izontal lines.) For 3 6 Cl the 
calculation depends on the cosmic 
ray confinement time. 


3. Discussion. Figure 2 compares 
the observed abundance ratios with 
the predictions of a propagation 
model which is consistent with 
both light and sub-iron secondary 
element abundances (specifically, 
the ratios B/C and Sc+V/Fe) in low 
energy (^100-300 MeV/amu) cosmic 
rays. This model employs a nested 
leaky box with mean pathlengths of 
1.5 and 3.0 g/cm 2 (with H:He=10:l) 
and standard cross section formu- 
lae. Solar modulation effects 
were taken into account using a 
force field approximation with 
mean energy loss $=325 MeV/amu 
(for A=2Z nuclides.) We have as- 
sumed that chlorine is entirely 
absent at the source, although the 
calculated abundances near Earth 
are not changed significantly if 
one assumes that the source abun- 
dance of chlorine is comparable to 
its solar system value (Cl/S=0.01). 


As seen in the figure, the 


3 5 


and 37 C1 abundances are well fit 
by this model. 

The calculation of the 3 6 Cl 
abundance at Earth depends on the 
assumed cosmic ray confinement 
time (or, equivalently, the as- 
sumed density of interstellar gas) since this parameter determines the 
fraction of the 36 C1 which decays between the time it is produced by 
spallation and the time it is observed at Earth. As previously pointed 
out [3], the 36 C1 abundance in the absence of beta decay is a sizeable 
fraction of the chlorine element abundance, so this isotope is useful 
for studying the cosmic ray confinement time in spite of the fact that 
its halflife is significantly shorter than that time (as determined from 

' ‘Be) , T. /t = 0.04. 

\ esc 

Figure 2 includes calculated values of the 36 C1/S ratio for various 


Cl 


1 o 
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values of the cosmic ray confinement time. Our lower limit on the near- 
Earth abundance of 3 6 Cl implies a cosmic ray confinement time greater 
than 'VL Myr. This limit is consistent with the confinement time values 
we previously reported based on the abundances of 10 Be [4] (8.4 [+4.0, 
-2.4] Myr), and 26 A1 [5] (9 [+20, -6.5] Myr.) 

The limited statistics and resolution in the present observations 
of 3 6 Cl do not allow a very stringent test of the homogeneity of the 
matter in the cosmic ray confinement volume. However, the consistency 
of both the interstellar pathlength distribution and the confinement 
time deduced from the observed chlorine isotopic abundances with those 
previously obtained from other stable and unstable secondary nuclide 
abundances indicate that no major differences exist in the confinement 
of different elements, at least in the range 3 < Z < 26. 


4. Acknowledgments. This work was supported, in part, by NASA under 
Contract NAS5-20995 and Grant NAG5-308. The instrument used for this 
study was developed by the Heckman/Greiner group at the Lawrence Ber- 
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COSMIC RAY ISOTOPE MEASUREMENTS WITH A NEW 
CERENKOV X TOTAL ENERGY TELESCOPE 


W. R. Webber, J. C. Kish. Sc D. A. Schrier 
Space Science Center 
University of New Hampshire 
Parham, NH 03824 


1. Introduction and Experimental Data. In this paper we report measurements of the 
isotopic composition of cosmic ray nuclei with Z = 7-20. These measurements were 
made with a new version of a Cerenkov x total E telescope. This telescope and the 
details of the balloon flight are described in paper OG 4.1-5. Path length and 
uniformity corrections are made to all counters to a RMS level < 1%, Since the 
Cerenkov counter is crucial to mass measurements using the C x E technique - special 
care was taken to optimize the resolution of the 2.4 cm thick Pilot 425 Cerenkov 
counter. This counter exhibited a /? = 1 muon equivalent LED resolution of 24%, 
corresponding to a total of 90 p.e. collected at the 1st dynodes of the photomultiplier 
tubes. 


Events to be analyzed using the C x E mass analysis technique are first selected 
according to charge by a two dimensional method using both dE/dx xE and dE/dx xC 
matrices. Three separate dE/dx measurements are utilized. Charge overlap is 
neglible. Mass histograms are constructed from C x E matrices for each charge as 
illustrated in Figure 1 for Oxygen nuclei. Mass histograms for N, 0, Ne and Mg nuclei 
are shown in Figure 2, and for Al, Si, S, Ar and p Ca nuclei in Figure 3 The mass 
resolution is a ~ 0.23 AMU for lb 0 and 0.27 AMU for 2B Si. 


The data from the 30 hour balloon flight is summarized in Table I. Column 1 gives the 
energy interval for mass analysis, The upper limit is taken to be C/C rnay = 0.45 for Mg 
and heavier nuclei. Column 2 gives the number of events observed. Terrors are shown 
only for isotopes where significant mass overlap occurs - all other errors are taken to 
be statistical. Column 3 shows the charge fraction for each isotope corrected to equal 
energy/nucleon intervals. And finally Column 4 shows this charge fraction corrected 
to the top of the atmosphere. 

2. Interpretation of the Data. The basic goal of this experiment is to compare the 
observed isotopic ratios with those expected after interstellar propagation in order to 
derive the cosmic ray source abundance ratios. The secondary abundances produced 
during propagation are calculated using new cross sections measured by our group at 
the BEVALAC (Webber et al., paper OG 7.2-2). The propagation program utilizes a 
simple expapentiq} path length distribution in hydrogen with a mean path length A = 
23.0 /9 P’°‘ b g/cm 2 above 5.5GV and A. •= 8.33 /S below 5.5GV. The solar modulation 
parameter $ = 600 MV. At an, interstelfar energy ~ BOO MeV/nuc appropriate to these 
measurements, A g ~ 6. Bg /cm. 

The extrapolation to the source for selected isotope ratios is shown in Table II. Also 
shown for comparison are previously measured isotope ratios (at a slightly lower 
energy) from a summary by Wiedenbeck, 19B4. These differ slightly from the original 
values quoted by Wiedenbeck and co-workers from the ISEE experiment. 

Below is a charge by charge summary of our results. 

Nitrogen. N itrogen above the Cerenkov threshold stops near the end of the 2nd and 
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last total E counter In our telescope. The resulting energy range of analysis is narrow, 
thus limiting the statistical accuracy of the data. The results obtained here are 
consistent with earlier results showing a significantly greater abundance of l3 N than 
at earth. 

Oxygen. The 0 and iO 0 abundances that we observe are slightly larger than, but 
consistent with those originally reported by Wiedenbeck and Greiner, 1981a. It is seen 
that the secondary production of lo 0 is ~ 10 x the solar system abundance ratio 
making it very difficult to achieve a meaningful Bource abundance determination of 
this isotope. 

Neon. The relative abundances for Ci Ne and * tf Ne we mMsure are in good agreement 
with those reported by Wiedenbeck and GreinenJ^Bla z *Ne is consistent with being 
all secondary and the source abundance ratio Z2 Ne/ 20 Ne that we derive is ~ 4 x the 
solar system value in agreement with earlier measurements. 

Magnesium. The relative abundances of Z5 Mg and 24 Mg we measure are again 
consistent with, but slightly smaller than those originally reported by Wiedenbeck and 
Greiner, 19Bla. (They agree even better with the average abundance ratios 
summarized by Wiedenbeck, 19B4 - see Table II) These slightly lower abundance 
fractions - coupled with a secondary production which appears to be 20 - 40% larger 
them, that used by the above authors leads to cosmic rav source abundances of these 
nuclei that are 1.43 ± 0.50 x the solar system ratio for 25 Mg/ 24 Mg, and 1.24 ± 0.28 x 
the solar system ratio for Zb Mg/ 24 Mg. These values are lower than those originally 
reported by the above authors, but are in agreement within the quoted ± 1 a 
experimental errors. They are also consistent with cosmic ray source to solar system 
ratios of one. 

Aluminum. The fraction Z6 A1/ 27 A1 of 2.2 ± 1.8% that we measure compares with the 
fraction of 3.6 ± 2.9% reported by Wiedenbeck, 19&L 

Silicon. The fractions we measure for zy Si and 30 Si are about 1 a lower than those 
originally reported by Wiedenbeck and Greiner, 1981b. For the secondary production 
of these isotopes we obtain ~ 30-40% more than appears to have been obtained by the 
above authors. This leads to cosmic ray source fractions of these isotopes which are 
0.79 ± 0.42 and 0.82 ± 0.5B x the solar system values respectively. These values are ~ 
2 a below the original values quoted by the above authors. About 1 a of this difference 
is due to the l arge r secondary production we use. 

Sulpher. For 34 S our source abundance fraction is ~ 1 a lower than that reported by 
Wiedenbeck, 1984. In arriving at a source abundance we use a secondary production 
~ 33% larger than that which appears to have been qsad by Ifiedenbeck. The actual 
cosmic ray source abundance ratios we find for both and 34 S are consistent with 
zero. This is not a realistic value, however, since the interstellar secondary 
production is ~ 5 x the source abundance ratio for 34 S and the experimental errors in 
all measurements to date are greater than the source abundance fraction itself. 

Argon & Calcium. Both of these charges are somewhat different than the previous 
charges rhscussecL Individually they are dominated by one rather rare isotope in the 
source, °Ar or 4U Ca and the possible source abundances of the other isotopes are 
expected to be completely dominated by interstellar secondary production if we 
consider solar system abundance fractions. The isotopic abundance fractions that we 
measure as shown in Table I are indeed consistent with purely secondary production 
with the exception of 36 Ar and 4D Ca. The fractions of these isotopes we measure are 
~ 1.5 x larger them expected for pure solar system abundances however. This could be 
suggestive of a somewhat larger abundance of these isotopes relative to Fe in the 
cosmic ray source. Unfortunately we are unable to derive absolute ratios of these 
isotopes to Fe from this analysis to confirm this suggestion. 

3. Summary. In this analysis we find one decisive example of an isotopic abundance 
difference in the cosmic ray source, TT'Ie as has been observed several times before. 
We also find a suggestion that zt> Mg & 2& Mg are enhanced but only at the 1 a level. For 
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all of the other isotopes we measure, including ®®Si k ®°Si, our results are consistent 
with a solar system isotopic composition. About 30% of the difference in the source 
abundance ratio derived in this paper and those previously reported appears to be 
due to differences in the cross sections used, the remaining differences are in the 
experimental results themselves. 

4. Acknowledgements. This work was supported by NASA grant NGR - 30-002-052. 
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6. Figure Captious, , _ , 

figure 1, CxE matrix of events for Oxygen nuclei. Calculated mass lines for 1D 0, 10 0. 
1 *0 and 1B 0 are shown. 

Figure 2. Mass histograms for N, 0, Ne and Mg nuclei. 

Figure 3. Mass histograms for Al, Si, S, Ar and Ca nuclei 
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Mass Number 


Table I 

Isotopic Abundances 


Isotope Energy Interval 
(HeV/nuc) 


“N 

383 - 450 

1! N 

375 - 438 

“0 

390 - 485 

”0 

3B6 - 472 

”0 

381 - 460 

2 "Ne 

410 - 554 

21 Ne 

406 - 542 

22 Ne 

401 - 530 

2 *Mg 

429 - 610 

Is «9 

425 - 601 

2e Mg 

420 - 592 

26 A1 

435 - 635 

27 ai 

430 - 627 

2, S1 

446 - 642 

2, S1 

441 - 637 

"*S1 

436 - 632 

i2 S 

462 - 660 

!3 S 

457 - 656 

>*s 

453-- 651 

»Ar 

478 - 678 

!, flr 

474 - 674 

s0 Ar 

470 - 669 

J, Ar 

466 - 665 

“Ar 

462 - 660 

“Ca 

494 - 697 

"Ca 

490 - 692 

"Ca 

486 - 688 

“Ca 

482 - 684 

“Ca 

478 - 680 


Events Observed 

% of Charge 
equal E lot. 

49 

39.7 

70 

60.3 

752 

94.1 

22 

3.0 

19 

2.8 

121 

55.0 

23 

11.0 

67 

34.0 

270 

66.5 

66±8 

17.0 

61 

16.5 

5±3 

5.0 

94 

95.0 

251 

88.1 

18±3 

6.3 

16 

5.6 

64 

68.7 

14 

15.2 

15 

16.1 

33 

63.5 

2 

3.8 

16 

30.8 

0 

0.0 

1 

1.9 

31 

46.1 

~3 

4.5 

16 

24.0 

10 

15.0 

7 

10.4 


t of Charge 
at Top of Atm 

38.215.6 
61.015.) 

94. A 

2.B10.6 

2.7S0.6 

54.7 
10 . 6 ± 2. 1 
34.7±4.0 

64.6 

17 - 5±2 - 6 
17-712.4 

2.2±I .8 

97.8 

88.7 
5.9±1 .8 
5.4ll.5 

69.9 
14.5±3.9 
15.614.1 

Predicted* 


63.7 

42.6 

2.612.0 

12.8 

31.4±8.7 

38.9 

0.0 

0.0 

2.212.2 

5.7 

46.9 

30.8 

4.112.7 

6.2 

23.816.6 

22.0 

14.315.1 

19.8 

10.914.4 

21.2 


* Assuming | ^ $ • 3.0%. J -p|J s - 6.8% 


TABLE II 

Isotope Fractions 


Ratio 

This Measurement 
(%> 

Wiedenbeck, 1984 
(*) 

Secondary 

Production 

<%) 

Cosmic 
Ray Source 

(X) 

Solar 

System 

(*) 

i?0/‘«o 

2.910.7 

1,710.4 

2.! 

O.BiO.6 

- 


2.840.7 

1.910.2 

2.1 

0.710.6 

0.2 

21 Ne/ a °Ne 

19.4±4.1 

21±5 

20.5 

-1.114.5 

0.3 

21 Ne/ 2 "tie 

63.4±8.6 

56±6 

16-5 

46.919,0 

12.2 


27.U4.4 

27*4 

8.6 

18.514.6 

12.9 

2, M3/ 2 'Hg 

27.412.6 

2713 

10.1 

17.3±4.0 

14.2 

”Si/ ! *Si 

6.9±2.0 

1342 

3.3 

3.612.7 

5.1 

>"Si/ 2 *Si 

6.4H.8 

7.2H.7 

3.8 

2.612.3 

3.4 

“S/ 52 S 

20.715.8 

- 

20.5 

0.2±6.4 

0.8 


22.546.1 

2818 

23.2 

-0.716.7 

4.4 
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THE ISOTOPIC COMPOSITION OF COSMIC RAY CALCIUM 

* 

K.E. Erombel and M.E. Wiedenbeck 
Enrico Fermi Institute, University of Chicago 
Chicago, Illinois 60637 USA 

ABSTRACT 

Data from the high energy cosmic ray experiment on the ISEE-3 
spacecraft have been used to study the isotopic composition of 
cosmic ray calcium at an energy of ~260 MeV/amu. The arriving 
calcium is found to consist of (32 + 6)% 40 Ca. A propagation 
model consistent with both the light and the sub-iron secondary 
element abundances was used for the interpretation of the observed 
calcium composition. The measured 4 *Ca+ 4 *Ca+ 44 Ca abundance is 
consistent with the calculated secondary production, while the 
40 Ca abundance implies a source ratio of 40 Ca/Fe = (7.0 + 1.7)%. 

1. Introduction . In the cosmic radiation, most of the elements in the 
sub-iron region (17 < Z < 26) are predominantly secondary in origin, 
resulting from the fragmentation of heavier cosmic ray nuclei during 
propagation from the source to the Earth. Calcium is one exception to 
this pattern, having a significant contribution from primary cosmic rays, 
particularly for the isotope 40 Ca, the dominant isotope (~97%) of solar 
system calcium [1], In this paper, we present new measurements of the 
galactic cosmic ray calcium isotopic composition and compare them with 
measurements made by other experimenters and the values found for solar 
system material . 

2. Data . The observations reported here were taken with the high energy 
isotope experiment on the ISEE-3 spacecraft during the time period from 
August 1978 to April 1981. The energy range for calcium is approximately 
170 to 380 MeV/amu with an average of approximately 260 MeV/amu. Cuts 
were made on the data to eliminate nuclear interactions in the instrument 
and to choose only those events which have well determined trajectories. 
In addition, only those particles having incident angles of less than 15 
degrees with respect to the detector normal were used in the data set 
presented here in order to obtain the best mass resolution compatible 
with the desired statistical accuracy. 

For calcium, a direct measure of the instrument resolution can be 
obtained from a comparison with the adjacent element, scandium, which has 
a single stable isotope, 4 *Sc. The scandium mass distribution can be used 
as a measure of both the absolute mass scale and the resolution expected 
at calcium. 

Figure 1(a) shows the scandium mass distribution in 0.25 amu bins, 
along with a best fit Gaussian curve. The Gaussian has a standard devia- 
tion of 0.49 amu and the histogram has been adjusted to be centered at 
mass 45. The difference between the calculated mean mass and the true 
mass was 1.1 amu, and is simply an artifact of systematic errors in the 
mass calculation. This value is consistent with the smoothly varying 
trend seen for lighter elements and for iron. Figure 1(b) shows the cal- 
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cium distribution in 0.25 amu bins, 
again with a best fit distribution 
superimposed. This fitted distribution 
is a superposition of five Gaussian 
peaks (corresponding to isotopes of 
mass 40 through 44) with center-to- 
center spacings of 1 amu and equal 
widths. The common width and the 
position of the mass 40 peak were 
allowed to vary in the fit along with 
the individual abundances. The deduced 
resolution was 0.53 amu and an offset 
of 1.07 amu was needed to center the 
mass 40 peak. 

Although the mass resolution 
achieved is insufficient to cleanly 
resolve 42 Ca, 43 Ca, and 44 Ca, the 
relative lack of 41 Ca permits 
separation of the dominantly primary 
40 Ca from the dominantly secondary 
42 Ca, 43 Ca and 44 Ca. Comparison with 
the scandium mass distribution deary 
demonstrates that the structure seen 
in the calcium histogram is due to 
actual abundance variations and not 
just statistical fluctuations since 
the width of the 45 Sc peak, 0.49 amu, 
is significantly less than the overall 
width of the calcium distribution and 
is consistent with the resolution 
determined from the calcium data. In 
addition, the scandium permits an 
unambiguous determination of the 
absolute mass scale verifying that 
40 Ca is assigned the correct mass. 



Figure 1 


3. Discuss ion . Because 42 Ca, 43 Ca, and 44 Ca are not clearly separated 
in this data set, determination of their individual abundance values 
requires a more detailed analysis of the resolution systematics. However, 
a way of viewing these data which is less dependent on the details of the 
peak shapes is to divide the calcium into primary species ( 40 Ca) and 
secondaries ( 42 Ca, 43 Ca and 44 Ca) since the low abundance of 4 2 Ca permits 
resolution at this scale. Our data imply an arriving cosmic ray calcium 
composition of (32 + 6)% 40 Ca and (60 + 6)% 'secondary group', as defined 
above. Since the 4 2 Ca could be expected to be sensitive to the exact peak 
shape used, no value is reported here. 

These isotope fractions are plotted in Figure 2, along with the 
results reported by other experimenters [2, 3, and 4]. Since the New 
Hampshire [3] and Minnesota [2] groups presented individual isotopic 
abundances, the uncertainties shown for their 4 2 Ca+ 4 *Ca+ 44 Ca measurements 
are estimated from the individual errors that they reported. 
Additionally, Tarle ejt al_. [4] did not present an explicit 40 Ca/Ca ratio. 
The value used here is the result of counting events on their calcium 
mass histogram. As can be seen from Figure 2, there is reasonable agree- 
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ment between experiments when the 
data are presented in this way. 

Also shown in Figure 2 (dashed 
line) are the results of a cosmic 
ray propagation calculation employ- ££ 
ing a nested leaky box model with'-' 
mean escape lengths of 1.5 g/cm 2 for £ 
the inner leaky box and 3.0 g/cm* w 
for the outer box (H:He = 10 : 1 ). ^ 

Solar modulation is taken into J 
. . . . Ill 

account using a numerical integra- 
tion based on the method of FiskQ 
[5]. Solar system isotopic composi- 2 
tion [1] was assumed for elements O 
with Z | 19 in the cosmic raybj 
source, and source elemental abun- < 
dances were chosen to reproduce the 
elemental abundances observed near 
Earth at 70-280 MeV/nucleon [6] . The 
pathlength values used were those 
needed to simultaneously reproduce 
the observed B/C and the (Sc+V)/Fe 
ratios at these energies. 

The shaded areas on the figure indicate the fraction of each group which 
is primary. As can be seen, the division into 40 Ca and 4 2 Ca+ 4 *Ca+ 4 4 Ca 
provides a very clean separation between primary and secondary calcium. 

This propagation model, based on light and sub-iron secondary ele- 
ments, is also compatible with the observed abundance of calcium 
secondaries (Figure 2). The present observations imply that the ratio 
42 Ca+ 43 Ca+ 44 Ca/ 40 Ca in the cosmic ray source does. not exceed its solar 
system value (0.03) by more than a factor of ~30. Although our measured 
abundance of this secondary group does not require a finite source abun- 
dance of any calcium isotope other than 40 Ca, separation of this group 
into its constituent isotopes is required to firmly establish this 
conclus ion . 

Because the calcium elemental abundance observed at Earth is 60% 
secondary while the isotope 40 Ca is only 4% secondary, the use of the 
calcium isotope information can significantly reduce the uncertainties 
involved in deriving the source abundance of calcium. If we ignore the 
isotope information and employ only the elemental abundances of [6], we 
find that the source Ca/Fe ratio is (8.2 + 7.8)%, where the uncertainty 
includes the effects both of observation errors and of propagation errors 
[7]. The latter source of uncertainty, due mostly to assumed 35% corre- 
lated errors in fragmentation cross sections, is found to dominate. If 
the 40 Ca isotope fraction is used in conjunction with the elemental 
abundances, we obtain, at the source, 40 Ca/Fe = (7.0 + 1.7)%. The rela- 
tive uncertainty in this source ratio is only 24%, as compared with the 
95% uncertainty in the ratio obtained using elemental abundances alone. 
Furthermore, the uncertainty in our deduced 40 Ca/Fe source ratio is 
dominated by the observation errors (rather than by uncertainties in the 
propagation calculation), so future improvements in the resolution and 
statistical accuracy of calcium isotope measurements will further improve 
the accuracy of the deduced 40 Ca source abundance. In Table 1 we compare 
our value of the 40 Ca/Fe source abundance ratio with values reported by 
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other investigators. While these values are all in reasonable agreement, 
one must exercise caution in comparing them because the specifics of the 
propagation models and error calculations used by the various authors 


differ. 

The ratios of cosmic ray source TABLE 1 

elemental abundances (GCRS) to the Derived Values of 40 Ca/Fe 

corresponding solar system values (SS) in the Cosmic Ray Source 

have been found to be reasonably well Reference 

organized by the first ionization 7.0 + 1.7 % this work 

potential of the element (e.g. [8], 6.2 + 1.1 % 2 

and references therein), although 8.8 + 1.6 % 3 

other possible ordering parameters 5.9 + 1.9 % 4 

(such as volatility [9]) have been 

proposed. By combining our 40 Ca/Fe source ratio with the value of this 


ratio in the solar system (6.73% [1]), we find ( 40 Ca/Fe) /( 40 Ca/Fe) 

= 1.04 + 0.25. Two general functional forms have been suggested for 
representing the dependence of such ratios on first ionization potential. 
The first is an exponential dependence of the form GCRS/ SS a exp (-I/I ), 
while the second is a step function where all elements with low first 
ionization potential (I < 9 eV) have one value and all those with high 
first ionization potential have a single, lower value. Calcium has a 
first ionization potential of 6.1 eV and for iron the value is 7.9 eV. 
Our present results are thus consistent with the step-function depend- 
ence. They are consistent with an exponential dependence only if a 
relatively low value of the parameter I is used. Brewster et al. [10] 
have reported the results of two different exponential fits. One, ex- 
cluding the light noble gas elements, has I = 3,47 eV, and implies that 
the GCRS 40 Ca/Fe ratio should be 1.66 times 8he solar system value. The 
other has I o = 5.6 eV and implies that the 40 Ca/Fe enhancement should be 
1.37. These two predictions exceed our deduced value by 2.5 and 1.3 
standard deviations, respectively. While discrepancies at this level for 
a single element are not sufficient to rule out such exponential depend- 
ence on first ionization potential, they do suggest that extreme 
exponential dependencies axe unsatisfactory in this case or that some 
other ordering parameter may be more appropriate. 

4. Acknowledgements . This work was supported in part by NASA Contract 
NAS 5-20995 and NASA Grant NAG 5-308. The instrument was developed by the 
Heckman/Gre iner group at the Lawrence Berkeley Laboratory. Christopher 
Smith provided valuable program development aid. 
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France 

ABSTRACT 

We present results on mean masses of cosmic rays at energy 
about 3 GeV/n, for Ne, Al, Mg, Si, S, Ca, and Fe, derived from 
the data collected by the Danish-French experiment C2 on board 
HEA03. We used a method based upon comparison between observed 
transmission function and a predicted one computed from a geoma- 
gnatic field model. We find enhancement factors of 2.9 +-.7 for 

22Ne/20Ne, 2.1 +-.4 for ( 25Mg+26Mg) /24Mg, and 1.6 +-.8 for 

( 29Si+30Si ) /28Si at GCRS when compared to LG. 

Introduction 

Cosmic ray isotopic rather than elemental composition is a 
major clue to the understanding of cosmic rays history because 
while the elemental source composition can a priori be interpreted 
in terms of any kind of scenario involving either atomic or nu- 
clear processes, isotopic anomalies almost certainly imply speci- 
fic nucleosynthetic processes (at. least for Z > 4). If elemental 
abundances and spectra are now well established /l, 2/ and show 
remarkable similarities with Solar System abundances and Solar 
Energetic Particles 111 , isotopic composition measurements avai- 
lable at low energy (<1 GeV/n) show significant differences when 
compared to Local Galactic material (see / 4 / for a review). 
Measurements at higher energy present the advantage to be less 
dependent upon solar modulation; however they are more difficult 
to perform . Peters / 5 / has developed a method allowing determi- 
nation of mean masses with the help of the geomagnetic field; 
analysis of HEA03-C2 data were already performed using the trans- 
mission function method /6,7/ but dealed with part of the data 
because of geomagnetic selections. In this study a different 
approach is used: we also start from the observed transmission 
function (OTF) which reflects the filtering effect of the geoma- 
gnetic field upon relativistic particles; this effect depends 
upon rigidity so that isotopes with different A/Z ratios show 
different OTF. The point of our method is that we compute the 
theoretical filtering effect in the frame of a geomagnetic field 
model (MAGSAT 4/81); we are then able to predict the various 
transmission functions cor responding to all possible isotopic 
fractions. Isotopic composition is derived by adjusting the pre- 
dictions to the actually observed transmission function. 

Method 

Building an OTF requires the knowledge for each detected par- 
ticle of the momentum by nucleon P and the main cut-off Rc cor- 
responding to the position and direction of arrival in the 
instrument /6,7/. P is measured by the instrument and Rc is com- 
puted with a trajectory tracing method / 8 / . The number of parti- 
cles observed with momentum by nucleon p° at a main cut-off Rc is 
given by : 
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d J N/dp°dRc = Tex(Rc). £ fF( Rc ,Ri ) . fii . f ( p) . P( p,p° )dp (1) 

; y p 

with Ri= Ai.p/Z . Tex(Rc) is the exposure time at main cut-off 
Rc, f(p) the differential momentum spectrum of the element, fli 
the isotopic fraction of isotope Ai , and P(p,p°) the momentum 
resolution function of the instrument. Tex(Rc) and f(p) are deri- 
ved from the data. F(Rc,R) is the mean geomagnetic filter func- 
tion at main cut-off Rc. Let us recall that a particle can reach 
a given point of observation in a given direction only if it pas- 
ses the geomagnetic field barrier, which may be described as a 
filter function ff(R) which only depends upon rigidity. For each 
point and direction there exists a main cut-off Rc so that ff(R)= 
1 if R>Rc. For R<Rc one may have either ff(R)= 1, if the associa- 
ted trajectory is allowed, or 0 if it is forbidden (penumbra re- 
gion). The mean filter function F(Rc,R) represents the average of 
all filters ff(R) at a given Rc. Practically, for each particle, 
we compute Rc as the highest forbidden rigidity; then we randomly 
select 30 rigidities in the penumbra region for which we compute 
if they are allowed or forbidden. The mean filter function 
F(Rc,R) is obtained by averaging all these statistical penumbra 
at given Rc . Preliminary calculations have shown that the penum- 
bra vanishes below .75 Rc for the region of interest here. To 
avoid biases in the computation of mean filters only particles 
with p/Rc>.6 were selected. Predicted transmission functions cor- 
responding to given isotopic fractions are computed by summation 
of (1) at constant p/Rc. 

Determination of experimental parameters 
We analysed data with rigidity between 7 and 9 GV and momen- 
tum between 3.2 and 6.1 GeV/cn; the fit region (p/Rc= .4 to .52) 
corresponds to a mean energy of 3 GeV/n. 21 mean filters were 

computed by step of 0.1 GV from 7 to 9 GV. The instrumental func- 

tion P(p,p°) is taken as a gaussian function with a standard 

deviation S. To account for a pos- 
sible drift in momentum we intro- 
duce another parameter, D, so 
that p observed = D times p true. 
To determine S and D oxygen is 
used as a reference element assu- 
ming 96% of 160, 2% of 170, and 
2% of 180. However these two pa- 
rameters alone do not allow us to 
account for the 0TF of oxygen 
which is systematically higher 

than prediction in the penumbra. 
The discrepancy is removed by 
assuming a scaling factor SF by 

which we multiply all computed 

F(Rc,R) in the region R/Rc < 1.0. 

The three parameters are simulta- 
neously optimized by minimising 
the chi 2 between observed and 

predicted transmissions. Values 
of .990, 4.3%, and 1.18 are res- 
pectively found for S,D and SF. 
Fig 1 shows the agreement between 
predicted and observed transmis- 
sion functions for oxygen. The shift of 1% between actual and 
observed momentum, which is compatible with the error on the mea- 
surement of the refractive index of the Cerenkov detector, indica- 



Fig 1 : Observed transmission 
function (+), and best fit 
prediction (full line). 
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tes that the geomagnetic field model gives an accurate estimate 
of the main cut-off. The value of SF shows that more than 80% of 
the penumhra is well accounted for by the model; the missing 20% 
may come either from complex trajectories not handled properly by 
the tracing program, or from possible instrumental background. S 
is twice higher than the value expected from the statistics of 
Cerenkov photoelectrons alone. It reflects other effects like 
delta rays, and a possible slight distorsion in the shape of the 


Results 

The same parameters D and SF 
derived from 0 were used to analy- 
se higher elements. A 1/Z depen- 
dence of S was found suitable; 
it's value has only a little 
influence on mean masses. We com- 
puted all chi 2 between OTF and 
prediction for all possible isoto- 
pic composition; the minimum chi 2 
gives the measurement. Contours 
of 68 and 90% confidence level 
from chi 2 analysis are plotted in 
fig 2 for Ne isotopes. The 
strongly elliptical form of the 
contours is the sign of highly 
correlated parameters; the major 
axis of ellipses are aligned with 
the equal mean mass lines, sho- 
wing that the fundamental parame- 
ter of the method is the mean 
mass. Results are therefore given 
as mean masses with quoted errors 
corresponding to a chi 2 increase 
of 1.0 from minimum chi 2 . A check is provided by Na (which has a 
single isotope), 311 Na are predicted, in agreement with the 324 
observed in the fit region. In table 1 we report our results to- 
gether with the mean masses obtained from a propagated solar 
source ( SS ) composition. S,Ca, and Fe have an observed mean mass 
quite compatible with a propagated SS composition, while Ne ( 
confirmed by 131 , also from HEA03-C2 data, but with a different 
method). Mg, and possibly Si are found to be neutron enriched. 

Discussion 

Results were propagated back to Galactic Cosmic Ray Sources 
( GCRS ) in a leaky-box model, including energy losses, radioactive 
decay, in a pure H (density 0.3 cm- 3 ) I.S.M. . An escape length 
equal to 22.R-0.6 (6.2 g/cm- 2 at 3 GeV/n) , and a modulation para- 
meter <b = 600 MV were assumed according to 121 . We also assume 0 
% of 21 Ne, an equal fraction of 25 and 26Mg, an equal fraction 
of 29 and 30Si in GCRS. Errors only include statistical measure- 
ment uncertainties. In table 2 the ratios of GCRS abundances 
to Local Galactic (LG, from / 1 0 / ) are given for Ne, Mg and Si. 
It is seen that Ne and Mg are definetely neutron enriched in 
GCRS, with enhancement factors comparable to the low energy re- 
sults of 4.1 ( + .8, -.6) for Ne, and 1.6 ( + .3, -.2) for Mg, at # 200 

MeV/n, / 4 / . There is therefore no evidence for an energy depen- 
dence of these isotopic source anomalies. The poorer resolution 
for Si isotopes does not allow us to distinguish between a LG 
composition or a neutron rich one. These results are compatible 


estimated mean filters. 



Fig 2 : 68 and 90% confidence 
level regions for observed 
fractions of 21Ne and 22Ne. 
Broken line is the line of 
mean mass 20.68 . 



99 


OG 4.3-6 


with the suggestion that the bulk of Cosmic Rays is injected in 
the acceleration process from solar like stellar coronae with 
normal abundances, while a minor part of it (2-3 %) would come 
from sites having experienced more evolved nucleosynthesis. Wolf- 
Rayet stars could explain the neutron rich component for Ne and 
Mg, as well as the overabundance of C but predicts a normal iso- 
topic composition for Si, / 1 1 / . If the enhancement factor for Si, 
found at low energy, is confirmed, metal rich supernovae could 
also contribute to GCRS isotopic anomalies, /12/. Isotopic ratios 
such as 36S/32S, 57Fe/56Fe, 5BFe/56Fe , still to be measured, 
could help distinguishing between various models. 

Table 1: Observed mean masses at 3 GeV/n 


1 

1_ 

Element 

1 

_L 

Number in the | 
fit reorion 1 

Observed 
mean mass 


1 

_L 

Propagated | 

SS composition 1 

1 

Ne 

I 

1681 | 

20.68 

(+-.06) 


1 

20.48 

+ -.08 | 

1 

Mg 

1 

1910 | 

24.59 

(+-.06) 


1 

24.42 

+-.04 | 

1 

Al 

1 

323 | 

26.91 

( + .09,- 

.16) 

1 

26.90 

+-.03 | 

i 

Si 

1 

1373 | 

28.25 

(+-.07) 


1 

28.19 

+-.035I 

! 

S 

! 

275 | 

32.70 

(+.22,- 

.20) 

1 

32.56 

+-.16 | 

1 

Ca 

1 

210 | 

41.80 

(+.35,- 

.30) 

1 

41.65 

+-.22 | 

L 

Fe 

_L 

1114 1 

55.75 

(+-.20) 


_L 

55.82 

+-.03 1 


Table 2: 


Enhancement factors 


22Ne/20Ne s 

2.88 

(+.77, 

-.65) | 

GCRS ratios /LG ratios 

( 25Mg + 

26Mg ) / 24Mg s 

2.03 

(+.49, 

-.42) | 

. 

( 29Si + 

30Si ) / 28Si : 

1.55 

(+.84. 

-.74) 1 
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THE ENERGY DEPENDENCE OF THE NEON- 22 EXCESS 
IN THE COSMIC RADIATION 

Nils-Yngve Herrstrom and Niels Lund 
The Copenhagen-Saclay HEAO collaboration 
Danish Space Research Institute, Lundtoftevej 7, DK-2800. 


Introduction 


It has been recognized now for some time that the heavy neon isotope, 
neon-22, is overabundant by a factor of 3 to 4 with respect to neon-22 
in the cosmic ray source compared to the ratio of these isotopes in the 
Solar System (1-8) . 

In view of the otherwise remarkable similarity of the chemical 
composition of the cosmic ray source and the composition of the Solar 
Energetic Particles (9) , the anomaly regarding the neon isotopes is so 
much more striking. 

The observed excess of neon-22 is too large to be explained as a result 
of the chemical evolution of the Galaxy since the formation of the 
Solar System (10) . 

Further information on the origin of the neon-22 excess may come from a 
comparison of the energy spectra of the two neon isotopes. If the 
cosmic radiation in the solar neighborhood is a mixture of material 
from several sources, one of which has an excess of neon- 22, then the 
source energy spectra of neon-20 and neon-22 may differ significantly. 

Data 


We have compiled the available data on the neon-22 to neon-20 ratio as 
function of energy. The data are shown in figure la. The observed ratio 
is sensitive to the level of solar modulation at the time of 
observation; therefore we show in figure lb the same data extrapolated 
to zero solar modulation (the interstellar flux) . We have used the 
force field approximation for the solar modulation and have applied a 
correction for each data point corresponding to the relevant period of 
observation . 

Finally figure lc shows, the calculated source ratio corresponding to 
each data point. For this calculation we have used the propagation 
model described in (11) . 

The error bars in figure 1 are everywhere those of the experimenters. 
We have not attempted to assign errors to the correction for solar 
modulation or for the propagation calculation. The uncertainties in 
these corrections are appreciable despite the fact that we are only 
concerned with a flux ratio, not with absolute fluxes. 

We note however, that the best fit straight line to the source fluxes 
has a slope of - 0.031 ± 0.040, i.e. it is consistent with an energy 
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independent source ratio, even considering only the original statisti- 
cal errors on the data points. 

Discussion 


The best fit, energy independent, source ratio of neon-22 to neon-20 is 

0. 35 ±0.05. This is nearly three times the solar value of 0.12. 

The apparent similarity of the source energy spectra for the two neon 
isotopes speaks in favor of a common acceleration mechanism for both, 

1. e. for the neon-22 excess already existing in the source material 
before the acceleration. 

Since, as mentioned above, a neon- 22 excess of the observed magnitude 
is unlikely to be a general feature of the present day interstellar 
medium, we are led to conclude that either there is a direct connection 
between the nucleosynthesis chain leading to excess neon-22 and the 
cosmic events leading to particle acceleration, or the local cosmic ray 
flux is dominated by a single source with an accidental excess of 
neon-22. 

A dominance of a single source is incompatible with the observed high 
degree of isotropy of the cosmic radiation. The local source picture is 
therefore only tenable if restricted to the heavy nuclei; the bulk of 
the cosmic ray nucleons, in the hydrogen/helium component, must in any 
case arise in a multitude of sources distributed in the Galaxy (12) . 
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Fig. 1. The neon-22 to neon-20 ratio as function of energy. 
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INITIAL RESULTS FROM THE CALTECH /DSRI BALLOON- 
BORNE ISOTOPE EXPERIMENT 

S. U. Schindler, A. Buffington*, E C. Christian, 

/ £. Qrove, K. H. Lau ScE. C. Stone 

California Institute of Technology 
Pasadena, California 91125 

/ L. Rasmussen Sc S. Laursen 
Danish Space Research Institute, Denmark 


ABSTRACT 

The Caltech /DSRI balloon-borne High Energy Isotope Spectrometer 
Telescope (HEIST) was flown successfully from Palestine, Texas on 14 
May, 1984. The experiment was designed to measure cosmic ray isoto- 
pic abundances from neon through iron, with incident particle energies 
from ~ 1.5 to 2.2 GeV/nucleon, depending on the element. During ~ 38 
hours at float altitude, > 10 5 events were recorded with Z ^ 6 and 
incident energies ^,1.5 GeV/nucleon We present results from the on- 
going data analysis associated with both the pre-flight Bevalac calibra- 
tion and the flight data. 

1. Introduction. The experiment described here is a joint undertaking by Caltech and 
the Danish Space Research Institute. A large-area (geometric factor ~ 0.25 m 2 sr) 
balloon-borne instrument has been developed to measure cosmic-ray isotopic 
abundances from neon through iron, with incident particle energies from ~ 1.5 to 2.2 
GeV/nucleon, depending on the element (1). The experiment was first flown on 14 May, 
1984, from Palestine, Texas. Prior to flight, the detector was exposed to beams of 
carbon, neon, argon, and manganese at the Berkeley Bevalac, with the latter exposure 
providing the principal calibration for the instrument. Preliminary results associated 
with the development of mapping techniques and position-determining algorithms are 
discussed, with application to flight data. 

2. instrument Description. The experiment employs either Cerenkov-AE-Cerenkov or 
Cerenkov-total energy techniques for isotope resolution (see reference 1), depending 
on whether the incident particle traverses the entire detector, or stops at an 
intermediate position in the instrument. Figure 1 shows a schematic diagram of the 
detector A stack of twelve Nal(Tl) disks (each nominally 2 cm thick, 52 cm diameter; 
87.2 gm/cm 2 total thickness) directly measures the energy change AE for an incident 
particle. Two Cerenkov counters (Cl and C2), measure the change in Lorentz factor, 
A 7 = 7 .- 7 ,. for the event. For a stopping particle = 1.0. Mass M is obtained from: 

M = AE/A7 

Each disk making up the stack is viewed by six individually digitized 
photomultiplier tubes (PMT). This permits not only a measurement of the energy 
deposition per layer, but through intercomparison of the six PMT responses, yields the 
particle's position in that layer (2,4), Because of the large amount of material 

* Present address: Univ. of California, San Diego; CASS C-011, La Jolla, CA 92093 
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necessary to slow down the high-energy nuclei, typically 85% of the incident particles 
meeting the trigger requirements will undergo charge-changing fragmentation 
reactions in the detector. For the Nal stack, these events are removed through a 
comparison of the Individual layer responses. Plastic scintillators (SI and S2), define 
the geometry factor, and provide additional rejection against events fragmenting 
within the Cerenkov counters. 

The top Cerenkov counter consists of a mosaic of 48 aerogel radiators of 
refractive index n ~ 1.1, while the bottom counter employs a combination of teflon (n 
= 1.34) and Pilot 425 (n = 1.49). Results associated with the 66 Mn Bevalac calibration 
of the aerogel counter have been presented previously (3). 

In its flight configuration, the detector and associated electronics are mounted in 
an insulated pressure vessel. An on-board evaporative cooling system is employed to 
maintain constant detector temperature, minimizing the need for thermal corrections 
in the data. Along with housekeeping information, the 108 digitized PMT outputs are 
recorded on-board using two video recorders, and are also transmitted to the ground 
through a telemetry link for real-time analysis. 

3. Flight. Details The experiment was flown from Palestine, Texas on 14 May, 1984, 
usingal7!2xl0° ft 3 Winzen balloon. The instrument maintained float altitude for ~ 38 
hours, at a typical atmospheric depth of ~ 5.5 gm/cm 2 . During the flight, the 
geomagnetic cutoff ranged from ~ 4.5 to 5.5 GV. The experiment was recovered with 
minimal damage to the instrument. 

For the flight, ~ 4.25 x 10 5 events were recorded, which included > 10 5 events with 
Z ^ 6 and kinetic energy >1.5 GeV/nucleon. While only a fraction of the events will be 
usable for isotope analysis, the remainder are being employed for in-flight mapping of 
the detector, gain balancing, and stability checks. 

Analysis of the flight data has shown that with minor exceptions, all systems 
performed as designed. The evaporative cooler maintained a constant detector 
temperature of 25.0 ± 0.5°C for the majority of the flight, with a gradient across the 
Nal stack of 0.2°C. Examination of threshold settings and detector gains and offsets, 
have indicated an overall average stability for the flight of better than 1%. 

4 Data Analysis One innovation in this experiment is that the Nal stack provides both 
trajectory and energy loss information for an incident particle. However, this requires 
that the response of the individual disks making up the stack be accurately mapped. 
Previous analysis results have been presented based on the November, 1982 Bevalac 
calibration, which employed a beam of 55 Mn ions, at 1.75 GeV/nucleon (4). Those 
results were based on analysis of data from two central regions of the instrument. 
Our pri mar y analysis objective has been to use the 55 Mn calibration data to generate 
full-disk response maps of each PMT viewing each stack layer, and to obtain full-disk 
maps of the response ratios with various PMT combinations, for position 
determination. 

The response maps for each PMT are generated using an overlay of 1 cm bins on 
each Nal disk. Typically, the response of a single PMT varies by a factor of 5 to 7 
across the disk. The current mapping technique uses calibration data to assign an 
average response to the center of each bin. For each event, a multi-point 
interpolation process is employed to obtain correction factors from the maps, with the 
final response generated from a weighted average over all six PMT’s viewing the disk. 

Figure 2 shows a histogram of the normalized energy loss (response) for layer 1, 
averaged over the entire disk. The resolution achieved of ~ 2.8% FWHM is only slightly 
worse than the 2.4% previously reported for central regions of the stack (4). We 
estimate that Landau fluctuations account for approximately one-half the distribution 
width. Results for layers 2 and 3 exhibit similar distributions, with a FWHM of ~ 3.0%. 
Additional refinements in the mapping technique are expected to improve the energy 
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resolution further. 

In addition to generating full-disk response maps, work is progressing on 
developing position determining algorithms for the disks. Position resolution is 
obtained from the calibration data, by comparing the measured event position 
obtained from Bevalac wire-chamber data, and that inferred from algorithms 
employing ratios of disk PMT responses. The use of PMT response rafios effectively 
removes the energy dependence from the position determination. Currently, six ratio 
maps are generated for each Nal disk, using a 1 cm spatial grid. The maps employ 
ratios of opposite sums of two and three adjacent PMT's viewing each disk. 
Intermediate positions are obtained using an interpolation process. For a given event, 
the best estimate of particle position is determined from an algorithm which 
minimizes the difference between the mapped ratios and the measured event ratios. 

Figure 3 shows the difference distribution for a single position coordinate (AX), as 
determined from M Mn calibration data averaged over approximately the centred two- 
thirds area of layer 1. The central portion of the distribution has a FWHM of 4mm, in 
good agreement with the results previously presented, that were limited to data near 
the stack axis (4). Similar results are obtained for the orthogonal coordinate AY. 
Combining both position coordinates for layer 1 produces the difference distribution 
shown in Figure 4, where: 

AR = (AX 2 + AY 2 )* 

From these results, the rms position resolution for layer 1 is found to be of order 
3mm. In extending the analysis to deeper stack layers, the distribution broadens to 
~ 4.4mm by layer 5. We consider these results as upper limits to the intrinsic stack 
resolution, in that contributions from wire-chamber uncertainties and multiple 
Coulomb scattering have not yet been unfolded from the data. 

5. Discussion . While we anticipate further improvement in the analysis results 
described here, our results for energy resolution are already consistent with the 
design goals for isotope resolution in the instrument. In particular, if we extrapolate 
these results to the full 12 layers of the stack for stopping 55 Mn, the expected 
contribution to mass error from uncertainty in AE is of order 0.3%. This uncertainty 
results in an associated mass error for the instrument of ~ 0.19 amu for Mn at the 
Bevalac energies, with a correspondingly smaller uncertainty for the lighter elements. 

Prior to the detailed analysis of the flight data, the maps and position- 
determining algorithms developed from the K Mn Bevalac exposure must be extended 
to the remaining stack layers. Concurrent with this effort, we are optimizing 
techniques for trajectory determination, and extending the position-determining 
algorithms to the outer edges of the disks. 

6. Acknowledgements. This work was partially supported by NASA, under grant NGR 
05-006-160. 
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Fig. 1. Schematic diagram of the 
detector. 


Fig. 2. Layer 1 response distribution 
for 55 Mn, averaged over the full Nal 
disk. 



Fig. 3. Difference distribution 
between a single Bevalac wire- 
chamber coordinate, and that ob- 
tained from layer 1 Nal response 
ratios, averaged over the central 
two-thirds area of the disk, for 
5 5 Mn ions . 
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Fig. 4. Difference distribution 
between Bevalac wire-chamber positions, 
and those obtained from layer 1 Nal 
response ratios, averaged over the 
central two-thirds area of the disk, 
for 55 Mn ions. 
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THE INNER GRANULOMETRIC DENSITY OP THE TRACKS IN NUCLEAR 
EMULSIONS AND ITS APPLICATION TO DETERMINE THE CHEMICAL 
SPECTRUM OP PRIMARY COSMIC RAY NUCLIDI. 

G. ALVIAL 

Laboratorio da Rayos Cdsmicos. Departamento de Ffsica. 
Facultad de Cienciaa Ffsicas y Matemdticas. Universidad 
de Chile. Casilla 1314. Santiago. 


3 .« Introduction . The classical formula of Lattes, Fowler and 

Cfier (3 ) , ' , Oa i a 

(1) I - b Z 2a A 3 a R a 


which give* the energy E of a non- relativistic nuclide as 
function of the atomic number Z , the relative atomic mass 
A and the linear residual range R (b and a ■ constants) i» 
valid for residual ranges of the order of 2,000 pm under the 
assumption that the nuclide itself doe* not capture electrons 
before its stopping point inside the nuclear emulsions. For 
a given interval A R - L (referred as a cell in this paper ), 
with an effective ionizing atomic number Z*ff (due to a gi- 
ven number of captured electron*) formula (IT Becomes, 

(2)AE ■ b A 3 a ^eff ~ ^*) ^ 


Actually, the linear residual range* which are determined 
with the microscope (here denoted as Kp) neither are repre- 
sented by R of (1) nor by R °f (2) because of the effect 
of the successive electron captures along the linear residual 
range. However, at a given value of R*. - or of z e ff - the 
expression R* - ( R_ - L ) a differ* from the corresponding 
one of (2) as an infinitesimal of second order. 


Therefore, if we measure R~ and determine M in a cell 
AK «■ L , we can obtain the particular value' of the expres- 
sion (Z«ff )** A*"** at Rj. • 


2.- The Method, A direct counting of the number of developed 
grains insiSTa cell AR - L at a given residual range Rp 
was carried out on tracks of stopping monoCharged nuclidi as 
those of protons and deuterons. By applying formula ( 2) witn 
r! instead of R.ff (taking a - 0.5&8 and b » 0.283 for our 
qE$ Ilford emulsions), AE was determined and consequently, 
also the value w of the energy transferred to each micro- 
crystal of Ag Bj» — involved in the formation of a single 
silver developed grain - was obtained. 


For Z 2, the inner granulometric density is defined by 
the ratio between the volume of the track segment of length 
AR - L and that one of the single proton developed grain. 
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The corresponding measurements of diameters of grains and 
thicknesses of tracks were carried out bv' strictly applying 
the Occhialini * s Track Profile Method ( 2) • 

As it has already shown for protons and deuterons in Table I, 
the experimental measurements resulted coherent and compatible 

of the function 

) - b R* 

he formation of a siaa- 
gle silver developed grain which, in turn, is located inside a 
small part of the track (e.g. L - 20 pm ) is the same for any 
nuclide stopping inside a given plate, independently of the va- 
lue of Z . This fact together with the value of the inner gra- 
nulometric density permit us to determine AI corresponding te 
this track segment at the residual range Rp and consequently 9 
to know the magnitude Z Za A 1 "*. 

TABLE I 


with the assumption that at a given value 
(Partition Function) given by. „ , „ 

(3) X - s/(z 2 » A 1 -* 

the energy loss of a nuclide involved in t. 


(pm) 

w 

(MeV/lrain) 

WD 

(MeV/grain) 

— 0=2*5 

20-40 

40-60 

60-80 

80-100 

0.0423 ± 0.0046 
0.0204 ± O'. 001 9 
0.0163 t 0.0015 
0.0140 ± 0.0013 
0 .0117 t 0 .0012 

0.0400 ± 0.0041 

0.0195 ± 0.0038 
0.0154 ± 0.0016 
0.0140 ± 0.0014 
0.0110 t 0.0013 

260-280 

6.0078 ± 0.0008 

6.6678 ± 0.0009 

540-560 

6.6655 i 6.6665 

6.6654 i 6.6669 

The extrapolated curve of w« or 
leads to the relativistic limit 

w n as function of R~ 
of w - 3.0 KeV/grain. 


Besides, for the electron tracks with Rg « 20.0 pm it was 

determined that w e - (0.0433 i 0.0042) Mev/grain . Actually 
this result was directly obtained with a radioactive standard 
source of 2IO Bi83 • 

Table II shows the results of the measurements which were ca- 
rried out on the last 20 pm of residual range. These short li- 
near residual ranges were chosen to test the reliability of the 
method. The tracks were Selected by a non systematic scanning. 
For any of these nuclidi, 55 " 1.540605 MeV. 

The experimental value of AE was determined by the number of 
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TABLE II 

• » m % 

Atomic E( experimental )E(theor. ) - — Isotopic mass 

Nuclide (MeV) (MeV) d Z*- ratio. 

(um) eff 


"1 

% 

Vj 





3 




The 

n, 


( calibration 
nuclide) 
2.07880 t 
0.22757 
5.4400 r 
0.6100 

4.7900 + 
0.5700 
6.675461 
0.52357 

7.01 51 2± 
0.52336 
9.6377 ± 

1 .9432 

10.3569 + 
2.2643 


1 .540605 

0.700 ± 
0.023 

1 .0 

2.078434 

1 .000 + 
0.080 

1.0 

5.467274 

1 .217 ± 
0.023 

1 .8 

4.822833 

1.142 ± 
0.026 

1 .8 

6.962469 

1 .343 + 
0.021 

1 .8 

7.375913 

1 .377 t 
0.020 

1 .8 

9.905302 

1 .614 t 
0.030 

2.0 

10.253803 

1.6733+ 

0.04? 

2.0 


2 Hj/ 3 Hi -2,00082 
+0.50701 



0. 5081 2 


8 . 


Li 3 /7Li3 - 
1.12271 + 
0.14071 





!&f+ 

0.1100 


following number of„nuclidi„are shown in this Table 
*H; 6, 2 H; 5,+He; 3, 3 He; 7, 7 Li; 5, s Li; 7, T2 C and 7, 13 C. 


the inner silver developed grains times the value of w cor- 
responding to‘ Rj. - 20.0 pm (Table I). The theoretical one, 
by formula (2). All the tracks were also identified by the 
classical method .Once knowing the experimental value of S , 
2 f f ( average value in' 20 pm ) and the ratio between isoto- 
pic masses were deduced. 

Table III indicates the results corresponding to a part 
of the 29 nuclidi which were inside of 37 central plates of 
a package of emulsions which flew at an average altitude of 
4.5 g/cm2 during 16 hours, in 19 to 20 of July of 1958 over 
Minneapolis. Minn.; the 200 plates of Ilford G-5 emulsions of 
15x15 cm x oOO pm each, were kindly afforded to the author of 
the present paper by the late Professor of The University of 
Chicago, Dr. Marcel Schein. 

The above mentioned 29 nuclear tracks, which had Z £ 3 and 
stopped inside the emulsions, entered at 7 mm from the supe- 
rior edge of each sheet and were distributed as it follows: 

6 Li- 7 Be - 10 Be - 10 B - n B - n C - 12 C - 13 C - 13 N - 3i *N - 
13 1 113 6 12 5 
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ld 0 - 21 Ne - 2 S*g - 27 A1 - 35 C1 
3 3 13 1 


TABLE III 

L 


2 1.136 a 0.432 

7'. 361 Pi*0. 730232* 
33.640685±3 .33 6993 
33.639709*3 .540694 
3 6<. 667503*3 .887975 
26'. 87743 2+2.994446 
27.93373 2±3 . 3 60341 
20.647660+2.356668 
2?. 305500+3. 596050 
22. 953260+2. 596865 
50.93333715.762424 
67.49385417.635832 
3 3 7.3662413 3.25585 


z 3 ,3 36 a Q.432 ( 

( theo . ) . 

7.553897 
13 .394959 
33.0599089 
36.827900 
27.621999 
28.520602 
21 .570562 
22.396808 
23.184799 
50.956400 
66.405056 
116.096704 


Assigned' 
Nuclide • 

igs 

52 ; 

33? 

3 2m 

»0 

2 Ss 

35ci 


w 

(MeV/grain) 

O.0681 

0.0066 

0.0077 

0.0073 

0.0062 

0.0063 

0.0063 

0.0056 

0.0054 

0.0056 

0.0055 

0.0055 


205.28 

348.53 

230.02 
283.39 
422.50 
374.96 

372.3 2 
497.80 
550.20 
554.8? 
540.74 
546.63 


3.- Conclusions . Taking into account that the identification of 
the above measured nuclidi was done by determining the inner 
granulometric density in only two successive cells of 23.44 }im 
each and which were located at a residual range Hj. ( see Ta- 
ble IH) , to improve the precision of the determination of Z 
and A it is suggested that the measurements of each track 
have at least to observe the following steps: 

(a) Start the determination of the inner granulo- 
metric density, in 2 or 3 consecutive cells, from the stopping 
point of the track. This zone has a very small number of stand- 
ard j-rays. 

(b) Measurements of that granulometric density 
have to be carried out in several consecutive cells which should 


permit to determine the transition from Z e ff to Z . 

(c) Measurements of several cells have to be done 
in the track segment in which the value of Z J * J - , ° A u »^ 2 should 
remain as a constant one inside its experimental errors. 

In (b) and (c) it is necessary to add the energy of the standard 
& -rays < of 2 or more grains) which in our case resulte.d at a 
rate of 0.0423 MeV/grain. 

To obtain the above given 29 nuclidi, the author of this paper 
has observed only point (c). Complementary measurements on this 
group of particles by taking into account points (a) and (b) shall 
improve the spectral distribution of A and Z . Besides, with 
this criterion measurements will be carried out on another gr<xp 
of 60 stopping nuclidi belonging to the same package of nuclear 


emulsions. 

References: „ . , 
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ABSTRACT 

Ultraheavy cosmic ray particles with Z>45 and Fe were ob- 
served in two balloon flights at a mean geomagnetic cutoff ri- 
gidity of 10 GV. Fluxes of these particles at the top of the at- 
mosphere are presented. A ratio of (Z>45)/(Fe) is compared with 
other experimental results. The ratio decreases with increasing 
energy in the energy range from 1 to 10 GeV/amu. A possibility 
is presented to explain the variation of the ratio with energy. 

1. Introduction. Early observations of ultraheavy cosmic ray particles (UH) 
were mainly made by balloon-borne track detectors at high geomagnetic latitude 
regions Cl, 2, 3) . In the observations, UH were collected enough to obtain approxi- 
mate chemical compositions. Recently, more precise measurements on the abun- 
dances of UH were achieved by using electronic detector systems on board the 
Ariel 6(4) and the HEAO-3C5) satellites and a picture of the origin of the cos- 
mic rays based on the early results was suffered significant alteration. How- 
ever, to determine energy spectra of UH, more data are required. 

Plastic detectors are useful instruments for measurements on the fluxes of 
charge groups of UH, since a large area array can be easily constructed. For 
observations of relativistic particles, in particular we can realize an extreme- 
ly large area array, because nuclear charges of such particles can be determined 
with singly layered plastic sheets. 

In our observations at a mean cutoff rigidity of 10 GV, no cosmic ray parti- 
cles of E^>2 GeV/amu can enter from any direction. 

2. Experimental Configuration. Two arrays Ai and A 2 were launched from 

Sanrlku Balloon Center at a mean cutoff rigidity of 10 GV in 1976 and in 1982, 
respectively. A total collecting power of Ai expanded vertically with an area of 
50.4 m 2 was 846.2 m 2 • hr at a mean residual atmosphere of 11.2 g/cm 2 and that of 
A 2 expanded horizontally with an area of 28.8 m 2 was 238.5 m 2 * hr at a mean 
residual atmosphere of 7.7 g/cm 2 . Each array was composed of plastic detector 
stacks of 40 cm X 50 cm in area consisting of three CN, two CTA and two or one 
PC sheets. To measure the flux of Fe, several small size stacks of emulsion and 
of CR-39 were also included in At and At, respectively. In both observations, 
two CN sheets in each stack were used to detect tracks by ammonia vapour method 
and the others to determine the charges. 

In the CN sheets, 9 tracks produced by UH with Z>40 were found; 5 in Ai and 
4 in A 2 . 

For calibrations, CN and CTA stacks were exposed to 40 Ar beams of 400 MeV/amu 
at the Bevalac. The charge resolutions were characterized by standard deviations 
of about 3 and 5 charge units at Z~50 for the CN and the CTA, respectively. 

3. Data Analysis. For the emulsion, 8 -ray counting method were applied. On 
the other hand for the CR-39, using growth rate(Vt) data of etch pits, we first 
prepared scatter plots of normalized etch rates (Vt A 3 -1) vs. sin 8 , where V 9 
and 8 are a bulk etch rate of the CR-39 and a dip angle of a track, respective- 
ly. From these analyses, frequency distributions of 8 -ray densities along 
tracks in the emulsion and of the normalized etch rates projected on the line 

of sin 8=1 were obtained. Compared with well-known chemical composition of 
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cosmic rays with Z^26, the fre- 
quency distributions were con- 
verted into charge distribu- 
tions. One of the results ob- 
tained from the CR-39’ s data is 
shown in Fig. 1. No correction 
was made for geometric factor 
which varies with atomic number. 

The observed charge resolutions 
were characterized by standard 
deviations of 0.55 and 0.34 
charge units at Fe for the emul- 
sion and the CR-39, respectively. 

The data of track etch rates 
in the CN and the CTA were used 
to determine nuclear charges of 
UH. No track was recorded in the 
PC sheets which are insensitive 
to relativistic particles with 
Z<70. The track etch rate data 
and the charges assigned to all 
events are shown in table l. 

In CTA, there is an apparent 
difference in sensitivity be- 
tween front and back surfaces. 

. • Recount of nuclear spallations in the overlaying atmosphere, we ob- 

tained the fluxes of Fe and UH at the top of the atmosphere. For the calcula- 
tions of the nuclear spallations, we used Hagen’s formula(6) for the total cross 
sections and extrapolations of Silberberg and Tsao formulae (7) for the partial 
ones. Scanning efficiency for lighter particles being insufficient, we restrict- 
ed our attention to the particles with Z>45. 



Fig. 1 Chemical composition of the par- 
ticles found in the CR-39 of 100 cm*. 


_ _ , TABLE 1 

the Track Etch Rates and The Charges Assigned to All Events 



Event 

No. 

CN 

Etch Rate 
( fi m/hr) 

Z 

CTA (Front) 
Etch Rate Z 
(pra/hr) 

CTA (Back) 
Etch Rate Z 
( Am/hr) 


23 

27. 4 

46 






3G 

27. 9 

47 

2. 35 

53 

1. 38 

52 

Ai 

62 

29. 5 

47 

2. 87 

52 

1. 83 

54 


208 

16. 9 

42 







235 

12. 0 

40 

— 

— 

— 

-- 


1-19 

46. 1 

55 

2. 46 

54 

1. 43 

52 


3-23 

69. 3 

67 

— 


26. 0 

75 

Aa 

3-27 

53. 1 

58 

2. 00 

52 

2. 57 

54 


3~34 

69. 1 

67 

4. 58 

60 

8. 92 

60 


4. Results and Discussion. The fluxes of both Fe and UH obtained from two 
observations were consistent with each other. The combined values of the fluxes 
were as follows; 


0.11 ±0.01 part ic les/m* • sr • sec for Fe and 

_ g 

(3.9 ± 1.5) X 10 part icles/ra* • sr • sec for Z>45. 

As a flux ratio of (Z>45)/(Fe), the following value was obtained; 

<3. 5± 1.6) X I0' s for R>10 GV. 

This value is shown in Fig. 2 with other experimental results. The datum of the 
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0 This Expt. 

M HEAO-3 by Mewaldt 
B Blanford et ai. 


10 


ENERGY (GeV/arou) 


Fig. 2 Observed abundances of the particles with 
Z>45 relative to Fe <Fe=10 6 ). 


HEAO-3 was infered from >oor 

a charge composition ~ 

summarized by Mewaldt (8). =■ 

The result of Blanford "m 

et al. (31 was that ob- £ 

tained from a balloon 
observation by using ~ 

plastic detectors at a £ 

cutoff energy of \ 

1 GeV/amu. Assuming a K 

power law spectrum with a 

a index of 2. G, we plot- M 

ted the ratios deduced iol 

from integral fluxes at 
mean energies in the 
figure. 

It is clear in the 
figure that the ratio 
decreases with increas- 
ing energy in the energy 

range from 1 to 10 GeV/amu. The decrease means that the energy spectrum of UH 
with Z>45 is steeper than that of Fe. The difference in the energy spectra is to 
be ascribed to the effects of cosmic ray propagation in the Galaxy, if indices 
of injection energy spectra of all particles are assumed to be the same. 

To examine the effects, propagation calculations based on a exponential path 
length distribution were made (9) . In the calculations, we used 

(1) Cameron’ s (10) solar system abundances for source composition, 

(2) Silberberg and TsaoCll, 12) semiempirical formulae with the modifications of 
1977(13), 1979(14) and 1983(15), for the spallation cross-sections and 

(3) the semiempirical formulae by Silberberg et al. (1G) for the total inelastic 
cross-sect ios, 

and included the effects of 

(1) first ionization potential 
enhancement and 

(2) solar modulation with a de- 
celeration parameter of 500 MV. 

The effects of the ionization 
losses were neglected, since they 
are not so important in the energy 
range of interest. 

All injection spectra were 
taken to be proportional to VT*' , 
where Vi is total energy per 
nucleon. 

We considered collisions up to 
nine times and treated individu- 
ally 323 isotopes from Nb to Bi, 
which are either stable, long 
lived or decayable exclusively by 
electron capture, and about 800 
short lived isotopes produced by 
collisions and subsequent radio 
active decays. 

The following energy dependent 
escape mean free path la was de- 
termined to explain the experimen- 
tal results for the ratio of 
(sub-Fe) / (Fe) in the energy range 
from 0. G to 30 GeV/amu; 


HflEUL ET AL. . 1977 
LE?N I AK S WEBBER. 1 978 



ENERGY (GeV/amu) 

Fig. 3 The variation with energy of 
the (sub-Fe) / (Fe) ratio. 


la 


8.0 g/cm 2 for E<2 GeV/amu, 

8.0 (E/2) g/cm 2 for E>2 GeV/amu. 


Figure 3 shows the variation with energy of the (sub-Fe) / (Fe) ratios. The pre- 
dicted curve is consistent with the experimental results over the above range 
of energy. 

The result of the calculation is presented for the (Z>45) / (Fe) ratio on 
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Fig. 4 and compared with 
the experimental data. 

The curve reproduces 
well the variation of 
the observed ratios. 

An increase around 
800 MeV/amu is due main- 
ly to similar increases 
in the spallation cross- 
sections of heavy nuclei 
around 1 GeV/amu. An in- 
crease in the partial 
cross-sections in the 
mass range of 10<AZ<40 
at 1 GeV was shown in 
the measurements of 
Kaufman and Steinberg 
(17) on the spallation 
of ,i, 7 Au. The data ob- 
tained from the measure- 
ments were incorporated 
into the semiemp il ical formulae by Tsao et al. (15). 

A possible interpretation of the variation with energy of the (Z>45)/(Fe) 
ratio shown by the propagation calculation is as follows. 

The ratio of (secondaries with Z>45)/(Fe) increases significantly around 
1 GeV/amu because it depends strongly on the spallation cross-sections. The al- 
ternative ratio of (primaries with Z>45)/(Fe) depends on the attenuation and the 
escape mean free paths and varies with a simple manner with energy. And the cal- 
culations showed that the secondaries are dominant in UH at 1 GeV/amu. There- 
fore, the (Z>45)/(Fe) ratio in the interstellar space increases at 1 GeV/amu. 

The effects of the solar modulation shift the increase to lower energy side. 

Above 3 GeV/amu, where the spallation cross-sections change little with en- 
ergy, the (primaries)/ (Fe) ratio increases with increasing energy, while the 
(secondar ies) / (Fe) ratio continues decreasing, because the interstellar matter 
traversed by cosmic rays decreases with increasing energy. As a result, the 
(Z>45)/(Fe) ratio decreases gradually with increasing energy at least up to 
— 10 GeV/amu. 

The increase around 800 MeV/amu dominates the variation of the ratio of 
(Z>45)/(Fe). It results mainly from the increases in the spallation cross- 
sections at 1 GeV/amu. This emphasizes the importance of another measurements of 
the spallation cross-sections. 
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Fig. 4 The variation of the predicted ratio of 
(Z>45)/(Fe) compared with the observed data. 
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ARIEL VI MEASUREMENTS OF ULTRA-HEAVY COSMIC RAY FLUXES 
IN THE REGION 34 _< Z £ 48 

P.H. Fowler, M.R.W. Masheder, R.T. Moses, 

R.N.F. Walker, A. Worley and A.M. Gay 
H.H. Wills Physics Laboratory, University of Bristol, 

Tyndall Avenue, Bristol BS8 1TL, England. 

1. Introduction. The Ariel VI satellite was launched by NASA on a Scout 
rocket on 3rd June 1979 from Wallops Island, Virginia, USA, into a near- 
circular 625 km orbit inclined at 55°. It carried a spherical cosmic ray 
detector designed by a group from Bristol University. The salient 
features of this detector are shown in Fig. 1. 


Track of ionising particle 

1G 4cm dia. photomultipliers 

800 torr gas mixture(56% neon, 
31% argon, 0.6% nitrogen, 

12% helium) 

4.6mm Pilot 425 spherical shell 

Plastic scintillator shower 
detector 

Main spacecraft body 


Fig. 1 Schematic cross-section of Ariel VI Cosmic ray detector 



A spherical aluminium vessel of diameter 75 cm contains a gas 
scintillation mixture and a thin spherical shell of Pilot 425 plastic, 
and forms a single optical cavity viewed by 16 photomultipliers. Particle 
tracks through the detector may be characterised by their impact para- 
meter p and by whether or not they pass through the cup of plastic 
scintillator placed between the sphere and the spacecraft body (referred 
to below as the Anti-Coincidence Detector or ACD) . Individual particle 
charges are determined by separately measuring the gas scintillation and 
the Cerenkov emission from the plastic shell. This is possible because of 
the quite different distribution in time of these emissions. See also (1) . 

The last data from Ariel VI was received in February 1982, but 
spacecraft power supply problems had restricted data collection to only 
427 of the days in orbit, with actual experiment live- time equivalent 
to 352 complete days at 100% efficiency. 

2. Data Selection. Results from a first analysis of part of the Ariel VI 
data set have already been reported (2) . The present analysis covers all 
available high charge data collected by Ariel VI. It includes improvements 
to the cut-off map used to apply cut-off labels to individual events and 
new event timings which allow for imperfections in the spacecraft clock 
by using measured cosmic ray fluxes as clock calibrations. Event timing, 
and the subsequent allocation of an inferred local vertical cut-off to an 
individual event, is important for the Ariel VI data analysis because a 
small number of low energy iron nuclei, which can stop in the detector at 
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high impact parameters, can simulate higher charges up to a limit of 
apparent charge 47. Hence, for abundance measurements- in the charge 
region 34 z 48, data can only be accepted from those regions where 
the earth's magnetic field excludes such low energy iron nuclei. This is 
empirically determined to be for vertical cut-offs greater than 3.4 GV. 

Finally, with the improved statistics- from the complete mission, 
it is seen that events which produce a signal in the ACD (hits) have a 
cut-off distribution indicative of pollution from electron showers to the 
highest charges, though hardly statistically significant for Z > 70, The 
hit spectrum also shows evidence of additional fragmentation due to pass- 
age through the body of the spacecraft. Consequently these ACD hits 
require separate analysis and are not included in the results quoted in 
this paper or in the companion paper OG4.4-4. 

3 . Results . Fig, 2 shows the distribution of accepted data for this 
charge region. Numbers given are actual numbers of detected events, with 
two provisos: i) a correction has been made for the exponential tail 

associated with the relativistic rise in energy loss for charges 30,31,32 
using measured abundances from HEA03-C2 (3) ; this affects the first five 
bins: ii) some events in the lower part of this charge region have been 

collected as events of second highest priority (1) , at lower efficiency, 
and in this case scaling has been made event by event to an equivalent 
100% efficiency; this effect has become small by bin 8 onwards. 



Fig. 2 Distribution of accepted data for determination of 33 £ Z _< 48 
abundances. Dotted insert shows distribution of 34 Se content 
from Table 1. 

During data re-analysis small improvements have been made to 
charge allocation as a function of gain setting and an energy dependent 
non-Z^ correction has been applied to all data. This is discussed further 
in OG4.4-4. Its effects are in any case small for Z 48. 

in order to allot events to individual charge species the effects 
of the resolution function of the experiment must be removed from the data 
in a deconvolution procedure. The resolution function is well determined 
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Table 1 Elemental Abundances for 33 < z < 48 


Ariel VI Comparison Data 


1 

Deconvolved 

Corrected to 


Charge 1 

1 HEA03-C3 

SS + FIPD propagations 

z 

Numbers 

outside expt 


pairs 


Brewster Letaw 




6 


f 

- 



6 


et al. 

et al. 

26 

3.46 

X 

10 

10 



10 



10 4 * 6 

10 6 

33 

(81 

± 

21) 

(21 

+ 

6) 


72 ± 

5 

[9]<19 

11 

68 

34 

180 

± 

29 

51 

± 

8 




43 +1 ° 

55 _ 











- 6 


35 

84 

± 

25 

24 

± 

7 


43 ± 

4 

[7]<14 

10 

31 

36 

71 

± 

23 

19 

± 

6 




23 + ® 

24 












- 5 



37 

22 

± 

20 

6 

± 

5 


38 ± 

4 

[ 9 ] < 16 

20 

47 

38 

110 

± 

24 

32 

± 

7 

— 



35 +1 ° 
- 6 

46 

39 

54 

+ 

25 

14 

± 

7 

“1 

26 ± 

4 

[5] <12 

8 

24 

40 

42 

± 

20 

12 

± 

6 

J 



13 : ! 

16 J 


41 

33 

± 

22 

9 

± 

6 


| 19 ± 

4 

[3]< 6 

2 . 5 

10 

42 

35 

± 

13 

10 

± 

4 

— 



8 ± 2 

6.5 J 


43 

0 






' 

3 ± 

2 


.... 

7,0 

44 

12 

± 

8 











45 

13 

± 

14 





6 ± 

2 



6.0 

46 

9 

± 

12 




— 







47 

14 

± 

13 





6 ± 

2 


— 

4.9 

48 

9 

+ 

13 




- 




— 



for 26 Fe and is foun<a to well to a Gaussian part and an exponential 
tail to high charge (2) . In addition the shapes of the abundance peaks at 
12 M 9» I4 si a nd 2o Ca a J- low the variance of the Gaussian to be separated 
into a Poisson part and a part varying as Z 2 . A resolution function may 
then be constructed for any higher charge by extrapolation. The resolu- 
tion function for 34 Se is shown as a dotted insert in Fig. 2. Using these 
functions the observed data may be deconvolved into a best-fit set of 
abundances, giving the numbers shown in column 2 of Table 1. These numbers 
yield the curve shown in Fig . 2 when operated on by the appropriate 
resolution functions. The fit is seen to be reasonably good, though the 
Z = 38 peak appears offset. The decrease in numbers of detected events 
around Z = 43 is too steep for the measured resolution function of the 
experiment. This fluctuation results in a best-fit abundance for Z = 43 
which is approximately 1*5 s.d. below zero. This value was set at zero and 
not varied in subsequent fitting procedures. 

4. Discussion. The limited charge resolution achieved by the Ariel VI 

detector reveals only one clear charge peak in this region, at Z = 38, 
and only one odd charge, Z = 35, is strictly necessary to obtain a good 

fit to the data. Nevertheless the best-fit abundances in column 3, which 
have been corrected for fragmentation in the experiment, form the most 
convenient comparison with other work. The errors shown are the excur- 
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sions needed in a given abundance to produce a change of one unit of 
X^, the two neighbouring abundances being adjusted to keep the total area 
constant. They may be regarded as approximations to 1 s.d. errors for 
individual charges. With this procedure, fluctuations are strongly anti- 
-correlated between neighbouring abundances and a significant decrease in 
the errors results when abundances for charge pairs are constructed as in 
column 4 . 

The best-fit values and upper limits presented by the HEA03-C3 
group at Bangalore (4) are shown in column 5, and agreement between the 
two experiments for individual charges is seen to be uniformly good, 
though the integrated total is rather higher for the Ariel VI data. 
Columns 6 and 7 of the table quote results from two propagations of 
Cameron (1982) solar system abundances (5) through about 6 gmcm - ^ of 
ISM with slightly different assumed First Ionisation Potential Dependence 
(Brewster et al. (6) and Letaw et al . (7) ) . Agreement between observed 
cosmic ray abundances and propagated SS is seen to be reasonably good in 
this area, with the FIPD of ref. (7) , which saturates at potentials less 
than 7 eV, producing better agreement around charge 38. 
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ARIEL VI MEASUREMENTS OF ULTRA-HEAVY COSMIC RAY FLUXES 
IN THE REGION Z >_ 48 

P.H. Fowler, M.R.W. Masheder , R.T. Moses, 

R.N.F. Walker, A. Worley and A.M. Gay 
H.H. Wills Physics Laboratory, University of Bristol, 

Tyndall Avenue, Bristol BS8 1TL, England. 

1. Introduction. The Bristol cosmic ray detector on the Ariel VI sat- 
ellite is described briefly in 0G4.4-3 and more fully in Ref.(l). The 
data for charges Z ^ 48 discussed in this paper were obtained with the 
same data selection and analysis criteria set out in 0G4.4-3, except that, 
for this high charge region, pollution from slowing iron nuclei is not 
possible and data collected at all vertical cut-offs may be used. 

For this re- analysis of the Ariel VI data, the contribution of 
non-Z 2 effects to the restricted energy loss and to Cerenkov radiation in 
the Bristol sphere has been evaluated using the Mott cross section ratios 
tabulated in (2) and the non-relativistic Bloch correction given clearly 
in (3) . Results obtained were similar in form to those derived for 
HEA03 by Derrickson et al . (4) but with maximum deviations ^10% rather 
than 15% for the Mott term, corresponding to a thinner detector. Because 
of the large uncertainties in the parameters involved, no relativistic 
Bloch term was included; in any case Waddington et al. (5) found no sig- 
nificant deviation from Mott plus non-relativistic Bloch in their exper- 
imental work. in addition the experiments of Garrard et al . (6) on the 
HEAO detector make the application of a correction to the Cerenkov res- 
ponse of doubtful justification and none has been applied in this analy- 
sis, An energy dependent correction was made using an effective energy 
calculated from the vertical cut-off for a given event. The maximum 
value of this correction was about 0.6% in Z for low cut-offs, declining 
to 'n zero by 10 GV, 



Fig. 1 Distribution of accepted data for determination of Z > 48 abun- 
dances .Dotted insert shows distribution of 54 Xe content (Table 1) 
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2, Results. Fig.l shows the distribution of data for all charges Z ^ 48. 
These events were accompanied by 8.68 x 10® 26 Fe nuclei * * n this distrib- 
ution all events were collected at the highest priority and numbers given 
are actual numbers of detected events. The resolution function for 54 Xe 
is shown as a dotted insert and clearly resolved peaks are seen for 52 Te 
and 5 gBa. A similar procedure of deconvolution was followed for this data 
to that described in 0G4.4-3, but with a resolution function supplied 
only for each even charge, odd abundances being set to zero. The derived 
numbers are shown in column 2 of Table 1 . The peaks at 52 Te and 56 Ba in 
Fig.l are seen to be consistent with the predicted resolution, as is the 
precipitate fall from Z = 56 to Z = 60. 



Fig. 2 Detail of the highest charges from Fig. 1. Dotted inserts show 

distributions for 7g Pt and 82 p k content from Table 1. 

Fig. 2 shows an expanded version of Fig, 1 for the 78 p t - 82 Pb 
region alone. The inserted dotted lines show the predicted distribution 
in apparent charge of the 7 g p t and g 2 Pb abundances obtained from the 
deconvolution. The tail of the g 2 Pb distribution is seen to extend out to 
Z a pp ^ 88 but only 0.1 event with Z > 90 is predicted. Thus events 
with 84 _< Z 86 are mainly the high energy g 2 Pb nuclei which produce 

the exponential tail. Three events with Z 88 were actually seen in this 
exposure, with Z a 88.5, 93.5 and 97,0 following the non-Z z correction 

discussed in section 1 , 

3. Discussion. Data collection on Ariel VI allowed 2 6 Fe e vents to be 
recorded whenever the experiment was operational, with a continuously- 
measured efficiency. Consequently the normalisation of the data to abun- 
dances relative to 26 Fe = 10® is straightforward. Column 3 of Table 1 
shows normalised abundances, with a small correction added to allow for 
fragmentation in the material of the experiment, and these values are 
plotted as data points in Fig. 3 (together with the numbers from 
34 < Z < 46 for completeness) , The numbers are compared with a recent 
propagation of Letaw et al . (7) which used solar system abundances modif- 
ied by a first ionisation potential dependence, an exponential pathlength 
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— 2 

distribution with characteristic length 6 gcin of ISM and a propagation 
energy of 5 GeV/nucleon (histogram in Fig. 3 and column 5 of Table 1). It 
is seen that the deconvolved Ariel VI abundances retain the over -abundance 
throughout the region 60 _< Z 80 which has already been discussed 
(e.g. 7,8). The Ariel VI to Letaw et al. propagation ratio for 
60 < Z < 82 is 1.87 ±0,14 based on 170 detected events, Letaw et al , 
attempted to go some way towards explaining this over- abundance by 
suggesting that propagation may take place mainly at a lower energy 
(y 1 GeV/nucleon) , where spallation into the 60 <C Z 74 region is more 
favourable, but much of the discrepancy remains, the ratio being reduced 
only to 1.51 ± 0.12, suggesting an enhanced primary component in this 
region. The Letaw et al . propagations also produce consistently more 50 Sn 
than was seen in the Ariel VI data, and in that from HEA03-C3 (9) , which 
is shown for the charge region 50 ^ Z < 58 in column 4 of Table 1 for 
comparison. Agreement between the two experiments is quite good in this 
region, but with a divergence of ^ 3 s.d. at 52 Te where a separated peak 
is seen in the Ariel VI data. 

For the highest charges , Binns et al . (10) quote a value for the 
abundance ratio Z >_ 81 of 0.26 ± 0.08. Ignoring the three actinides 
74 £ Z £ 80 

our value for this ratio is 0.35 ± 0,12, higher, but not inconsistent 
with the HEAO value, and consistent with either the SS with no FIP 
fractionation or pure r-process with FIP fractionation values quoted in 
(10) . Although the g 2 Pb abundance seen in the Ariel VI data may not 
share the 60 < Z < 80 over- abundance compared to propagated solar-system, 
it is not found to be depleted, being very close to the predicted 
abundance from the propagation. 


Finally, three actinide candidates were seen in the Ariel VI 
exposure, compared to an expectation of 0,5 from the Brewster et al , 
propagation (11), a possible enhancement. 


Fig. 3 Cosmic ray abundances 

normalised to 2 gFe = • 

Data points are decon- 
volved abundances from 
Ariel VI corrected for 
fragmentation within the 
experiment. The histo- 
gram shows the Letaw 
et al. propagation of 
solar system material (7) 
referred to in the text. 
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Table 1 Elemental Abundances for Z > 48 


Ariel VI 


r 

Deconvolved 

Corrected to 

1 

SS + FIPD 

z 

Numbers 

outside expt. 

HEA03-C3 

Propagation 






a 

a 

Letaw„et al 

26 

8.68 x 

io 6 

10” 

io 6 

io 6 

48 

54 

± 

12 

5,7 

± 

1.3 


4.9 

50 

52 

± 

9 

5.5 

± 

1.0 

5.7 ± 1.3 

8.9 

52 

68 

+ 

9 

7.5 

± 

1.0 

3.4 ± 1.0 

6.8 

54 

39 

± 

10 

4.4 

+ 

1.1 

3.5 ± 0,9 

5.0 

56 

69 

± 

10 

8.0 

± 

1.2 

6.2 ± 1.0 

6.5 

58 

17 

+ 

9 

1.9 

+ 

1.0 

2.8 ± 0.9 

2.2 

60 

22 

± 

7 

2.4 

± 

0.8 


1.4 

62 

14 

± 

7 

1.6 

± 

0.8 


1.1 

64 

20 

± 

8 

2.2 

± 

0.9 


0.86 

66 

15 

+ 

8 

1.7 

± 

0.9 


0.88 

68 

17 

+ 

8 

1.9 

± 

0.9 


0.69 

70 

10 

+ 

6 

1.1 

± 

0.7 


0.55 

72 

7 

± 

5 

0.8 

± 

0.6 


0.47 

74 

9 

+ 

6 

0.9 

+ 

0.6 


0.42 

76 

9 

± 

7 

1.0 

± 

0.8 


0.69 

78 

19 

± 

7 

2.3 

± 

0.8 


1.1 

80 

12 

± 

7 

1.5 

± 

0.9 


0.36 

82 

16 

+ 

5 

2.0 

± 

0.6 


1.9 

84 

0 








> 88 

3 



0.4 

± 

0.2 
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Elemental Abundances of Cosmic Rays with Z > 33 as Measured 

on HEAO-3 

B.J. Newport a , E.C. Stone?, C.J. Waddington b , W.R. Binns c , T.L. Garrard? , 
M.H. Israef, and J. Klarmann c . 

California Institute of Technology, Pasadena, California 91125, USA 
’’University of Minnesota, Minneapolis, Minnesota 55455, USA 
c Washington University, St Louis, Missouri 63 1 30, USA 


1. Introduction 

The Heavy Nuclei Experiment on HEAO-3 (Binns et al., 1981) uses a combination 
of ion chambers and a Cerenkov counter. During analysis, each particle is assigned two 
parameters, Zc and Z h proportional to the square roots of the Cerenkov and mean ioniza- 
tion signals respectively. Because the ionization signal is double valued, a unique assign- 
ment of particle charge, Z, is not possible in general. Our previous work (Binns et al., 
1983, 1985, and Stone et al., 1983) has been limited to particles of either high rigidity or 
low energy, for which a unique charge assignment was possible, although those subsets 
contain less than 50% of the total number of particles observed. In this paper we discuss 
the use of the maximum likelihood technique to determine abundances for the complete 
data set from —1.5 to —80 GeV/amu. 

Figure 1 shows the possible values of Zc and Z x for elements near iron, and indicates 
the substantial overlap between adjacent elements, even before smearing by the resolution 
function. In Figure 2, the curves of Figure 1 have been transformed using the variable 
Zc/Zi instead of Zj. This transformation simplifies the following data analysis. 

2. Analysis 

Particles were selected from the full exposure, 580 days, and were required to have a 
good Cerenkov signal, at least one good ion chamber and a reliable trajectory. These par- 
ticles were assigned an initial charge estimate, Z^, and 1/40 of those with Z est > 19.5 were 
saved, together with all the remaining particles with Z est >30. The selected particles were 
binned in a two dimensional histogram, with one axis being the logarithm of Zc and the 
other being ZdZ v Figure 3 shows a contour plot of the region of this histogram near 
iron. 


A 
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Figure 1. Curves ofZ\ versus Zcfor the elements near iron. 



° 0.9 0.925 0.95 0.975 1 

ZC/ZI 

Figure 2. The curves of Figure 1, displayed in ( Z\/Zq , Zq) space. 
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We have used the iron distribution as a reference distribution for the other elements, 
by scaling it according to the following criteria: 

1) All elements are assumed to have the same energy spectrum, although it is known 
that the sub-iron secondary elements have steeper spectra (e.g. Jones et al., 1985, OG 
4.1-8). 

2) Energy independent scaling factors have been used. 

3) The resolution of the instrument is a constant fraction of the signal. 

4) Non-Z 2 corrections to the scaling laws for Z c and ZjZi have been determined 
directly from the data. 

Those elements contaminating the iron distribution have been approximately 
removed by scaling the contaminated distribution and subtracting according to an 
assumed set of abundances. The resulting "clean" iron distribution was smoothed and 
then scaled to the high Z elements, using cubic interpolation techniques. 

The likelihood of a given set of abundances may be calculated using Poisson statis- 
tics, and maximized by iterating until all the first derivatives are zero, yielding the best fit. 
Results from the application of this method will be reported. 
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ABUNDANCES OF ‘SECONDARY’ ELEMENTS AMONG THE 
ULTRA HEAVY COSMIC RAYS - RESULTS FROM HEAO-3 

J. KIarmann a , S. H. Margolis 1 , E. C. Stone b , C. J .Waddington 0 , 

W. R. Binns a , T. L. Garrard b , M. H. Israel 11 and M. P. Kertzman 0 

“Department of Physics and the McDonnell Center for the Space Sciences, 
Washington University, St. Louis MO 63130, USA. 
b George W. Downs Laboratory, California Institute of Technology, 

Pasadena CA 91125, USA. 

'School of Physics and Astronomy, University of Minnesota, 

Minneapolis MN 55455, USA. 

I. Introduction. This paper discusses observations of the abundances of elements of 

charge 62<Z<73 in the cosmic radiation from the HEAO-3 Heavy Nuclei Experiment 
(HNE). These elements, having solar, and presumably source, abundances much less 
than the heavier Pt and Pb groups, are expected to be largely products of spallation. 
Thus they are indicators of the conditions prevailing during the propagation of cosmic 
rays. The abundances have changed from those reported previously (Klarmann et al., 
1983) due to a different data selection (Binns et al., 1985). This resulted in better charge 
resolution and in a higher mean energy for the particles. All the particles we have 
included in this paper were required to have had a cutoff rigidity R c > 5 GV. This 
allowed the charge determination to be based solely on the Cherenkov measurement. 
For a description of the detector see Binns et al., (1981). 

2. Analysis. The data selection in this paper is identical to that of Waddington et 
al., (1985, OG4.4-7). We have considered only the following physically significant groups 
of charges: 


Name 

Abbreviation 

Range 

Number observed 

Lead and Platinum 

PbPt 

74<Z<86 

52 

Heavy secondary 

US 

70<Z<73 

10 

Light secondary 

LS 

62<Z<69 

34 


Our discussion will be in terms of the ratios: HS/PbPt and LS/PbPt. In the table, 
column a) shows the results observed in the detector. The correction factor to outside 
the detector was derived by propagating eight different plausible theoretical abundances 
outside the detector through slabs of hydrogen approximating the distribution of alumi- 
num traversed by the particles going into and through the detector. The change of the 
abundance ratios from outside the detector to inside was nearly independent of the origi- 
nal ratios and is given as a multiplicative correction factor in column b). The abundance 
outside the detector, column c) is the product of columns a) and b). 


Ratio 

HEAO Results 

Ariel 

HEAO/Ariel 

Inside 

Detector 

a ) 

Correction 

Factor 

b ) 

Outside 

Detector 

c ) 

Outside 

Detector 

d) 

Outside 

Detector 

e) 

HS/PbPt 

LS/PbPt 

0.19±0.07 

0.65±0.14 

0.85±0.02 

0.87±0.02 

0.16±0.06 

0.57±0.12 

0.27±0.07 

0.88±0.15 

0.59±0.27 
• 0.65±0.18 


Results from the Ariel-6 UH-nuclei detector which was exposed in a 55 ° inclination 
orbit (Fowler et al., 1984) are given in column d), while column e) gives the ratio of our 
HEAO results to those of Ariel. It is seen that for both ratios our result is about 60% 
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to 65% that of Ariel’s. While these differences are only significant at a level of 1.5 to 2.0 
standard deviations, it is unlikely that they are just statistical fluctuations. The data of 
Ariel extend to significantly lower energy than ours. At lower energies the abundance of 
secondaries is expected to be greater since both the interaction cross sections and the 
escape length are larger. We cannot tell yet whether this energy dependence is sufficient 
to explain the difference. 

3. Comparison with Models. The abundance ratios can be compared with predic- 
tions of various models. The source abundance used was either the solar system abun- 
dances of Anders and Ebihara (1082) (No FIP) or the same adjusted for an exponential 
dependence (Brewster et al., 1983a) on the first ionization potential (FIP). These were 
then propagated through the interstellar medium, assuming a leaky-box model, and 
using the revised code of Brewster et al., (1983a, 1985) with a rigidity dependent escape 
length (Ormes and Protheroe, 1983) that is 6.21 g/cm of hydrogen at 7 GV. The calcu- 
lated values are for approximately the same mix of rigidities as the HEAO data. A 
different model of FIP fractionation (Cook et al., 1979; J. P. Meyer, 1981), in which the 
cosmic ray source is suppressed by a constant factor relative to solar abundances for ele- 
ments with ionization potential above 9 eV, yields propagated abundance ratios which 
in, this charge range, are indistinguishable from those of the unfractionated source. 
Similarly, propagation of an r-process source abundance yielded ratios which in this 
charge region were close to those from a solar system source. Neither of the last two 
results is plotted in figure 1. 


1.0 

0.8 

CL 
-Q 
Q_ 

\ 0.6 
co 
i 

0.4 
0.2 
0 

0 0.1 0.2 0.3 0.4 0.5 0.6 

HS/PbPt 

Figure 1: Comparison of the observed and predicted abundance ratios. 

In the ‘No FIP alternate’ propagation an independent code was used (Margolis, 1983) to 
predict the abundance ratios after propagation through leaky boxes of various escape 
lengths. The results were then combined using the same rigidity dependent escape 
length distribution as above to yield the inverted triangle point in figure 1. With this 
rigidity dependent distribution the mean escape length encountered by the observed par- 
ticles is ~3g/cm 2 . This point, when compared to the other No FIP point, is an 


— 


r 


— 

i — i 
A 

1 

I 

■ ARIEL 


r O 

• HEAO 

i — i 



X No FIP \ Source 
+ FIP J 


L 


□ No FIP ) 

“ + 



A FIP ) at Earth 

VNo FIP ( 
alternate; 

- X 

i 

i 


O 6 g/cm 2 

i i I 



129 


OG 4.4-6 


indication of the variation possible in the propagation calculation. The point labeled ‘6 
g/cin 2 ’ in figure 1 is the result of the same propagation through a leaky box with a sin- 
gle escape length of 6 g/cm 2 of hydrogen. The difference between this point and the 
‘alternate’ point shows the dependence of the results on the escape-length distribution. 
In figure 1 experimental values are solid with error bars. 

The dependence of the abundance ratio on propagation can also be demonstrated in 
a different way. Every point in figures 2 and 3 (Margolis and Blake, 1985) corresponds 
to the calculated ratio after propagation of a solar system source without FIP through 
hydrogen with a mean free path distribution rising linearly from zero to the desired 
‘truncation’ then falling exponentially with the given ‘escape length’(Margolis, 1983). 



ESCAPE LENGTH 


Figure 2: LS/PbPt 



ESCAPE LENGTH 


Figure 3: HS/PbPt 

In contrast to the data in figure 1, these figures assume that all particles traverse the 
same path length distribution. Our results are represented by the cross-hatched region 
yielding possible combinations of escape length and truncation. 
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As expected the predictions in this charge region are nearly independent of escape- 
length since the interaction mean free path is so short. However the results do not agree 
with more than a minute amount of truncation of short path lengths. The fact that at 
zero truncation an escape length of ~2g/cm 2 is indicated seems to support the rigidity 
dependent escape length proposed by Ormes and Protheroe, (1983). 

4. Discussion. Our observed values of the secondary ratios are in reasonable agree- 
ment with the prediction based on a model without FIP fractionation or with a step 
function FIP fractionation at the source; however, our observations are in distinct 
disagreement with the models that include exponential FIP fractionation. This is con- 
trary to the conclusions found at lower charges (Binns et al., 1982, 1983) where observed 
abundances agreed better with those expected from a solar system source with FIP frac- 
tionation than without. Thus other representations of source fractionation may be 
involved. 

Our results do fit the predictions obtained using the standard leaky box model in 
this energy range. The applicability of this model to lower energies requires further 
investigation. 

5. Acknowledgements: This work was supported in part by NASA grants NAG 

8-448, NAG 8-498, 500, 502 and NGR 05-002-160, 24-005-050, 26-008-001. 
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CAPABILITIES OF THE LDEF-II HEAVY NUCLEI COLLECTOR 
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1., Introduction. Less than about half a dozen relativistic actinide (Z i 90) 
nuclei have been detected In space experl ments— one on HEAO-3 [11, three on 
Ariel-6 [2] and possibly two on Skylab [3j. Our studies of long-term track 
fading suggest that partial fading of tracks produced early in the Skylab 
mission relative to those produced later may have smeared the charge scale 
and resulted in mlsidentlfication of some of the seven events originally 
reported as actinides. Events attributed to actinide nuclei using plastic track 
detectors and nuclear emulsions on balloon flights some years ago are now 
believed to be due mostly to spillover from the platinum and lead peaks, due 
to a shift In detector response with temperature during the day-night cycle of 
the balloon payload HI. The HEAO-3 experiment, which had the best charge 
resolution to date for ultraheavy cosmic rays, resolved even-Z charge peaks 
up to z ~ 56 and reported ~60 events with Z i 70. Although their statistics 
and resolution were inadequate to resolve charges in this region, they were 
able to estimate the ratio of Pb-group to Pt-group nuclei to be ~1% based on 
one actinide event. Their data for all nuclei with Z i 30 are consistent with a 
solar system source for the heavy cosmic rays, with the exception of a few 
elements such as Pb, which may be depleted in the cosmic rays. To take the 
next big step beyond HEAO-3, the Heavy Nuclei Collector (HNC), to be carried 
on an LDEF reflight, has the goals of greatly increased collecting power ( >30 
actinides) and charge resolution (<D Z i 0.25e for Z up to ~100), which will 
provide abundances of all the charges 40 i Z l 96 and permit sensitive 
searches for hypothetical particles such as monopoles, superheavy 
elements, and quark nuggets. 

LL..,MLi. 8 ,?i 9 n. After the currently orbiting LDEF is retrieved, it will carry 45 
trays of plastic track detectors (AO * 100 m 2 sr) into a 28.5 degree orbit 
for a 6-year exposure at T < -10° C, after which it will be retrieved for 
analysis of the tracks. (At this writing, a 2.7-yr exposure in a 57* orbit, 
which would yield ~10X more actinides, has not been ruled out. )' 

2. P$$1qn, To meet our goal of achieving a charge resolution 0 Z < 0-.25e at 
Z = 92, we used a number of novel features. Figure 1 is a cutaway sketch of 
the contents of one of the 45 trays, 41 of which are optimized for 
identification of nuclei with Z x 70 and 4 of which are optimized for nuclei with 
30 i Z i 70. Detector response depends on temperature and oxygen 
pressure, and stability of the latent track against fading demands a low 
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Fig. I. HNC tray. Composition of stack and design of event thermometer are 
somewhat different than shown in drawing. 


average detector temperature. Thus, each stack is sealed in 0.3 bar of air 
in a thermally isolated canister shielded from space with multilayer 
insulation and passive thermal coating, and each stack contains an event 
thermometer that enables the temperature of the stack at the time of passage 
of each heavy nucleus to be determined by measuring the displacement of a 
sliding plastic track-recording sheet with respect to the stack. The sliding 
sheet is driven by a plunger actuated by a silicone liquid whose volume 
depends on temperature. 

Calibrations at the LBL Bevalac with relativistic beams of U, La, Kr, and 
Fe ions [5] enabled us to develop improved detectors of two classes: a 

polycarbonate plastic, Rodyne-P, with outstanding resolution in the region 50 
< Z < 120, and a poly- (allyl diglycol carbonate) plastic, CR-39(DOP), 
containing 1% dioctyl phthalate and 0.01% of an antioxidant, with outstanding 
resolution in the region 10 < Z < 70. (See Fig. 2. ) For fully stripped nuclei 
with Z < 80 passing through many sheets, we have verified that the resolution 
improves as l/Vn , where n is the number of etchpits measured along the 
trajectory. For relativistic uranium, an electron is often retained in passage 
through more than one sheet, with the result that the resolution improves 
much less rapidly than l/Vn. We showed that periodic insertion of copper 
foils in the stack eliminatesjthe correlation in effective charge from sheet to 
sheet and restores the l/Vn dependence [6]. Use of copper, with its high Z, 
in place of plastic of equivalent mass thickness reduces the fraction of events 
that fragment within the stack. 
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Fig. 2. Bevalac tests showing abililty of CR-39 (on left) and Rodyne-P (on 
right) to resolve individual charges using only a few successive etch pits. 

Monte Carlo simulations of detector response enabled us to optimize the 
sequence of Rodyne-P, CR-39, and copper sheets so as to maximize charge 
resolution and minimize fragmentation loss within a weight constraint of ~8.7 
g/cm 2 per tray. The 41 actinide stacks contain 59 Rodyne-P, 18 CR-39, and 
28 copper sheets (not in that order) each 250 microns thick. The four mid-Z 
stacks contain more CR-39 than Rodyne-P sheets. The weight ratio Cu/plastic 
= 2.57 corresponds to 0.83 of an interaction length for uranium at normal 
incidence. For an assumed fractional standard deviation in measured cone 
length of 1% (2%), the charge resolution at uranium ranges from 0.19e 
(0.2 f e) at 1 GeV/amu to 0.21e (0.48e) at 4 GeV/amu. For calibration 
purposes, two sheets in each stack will be irradiated with a low density of 
uranium ions over their entire surface before the mission. 

Figure 3 shows two Monte Carlo simulations. On the left is the charge 
spectrum of events with Z x 70 expected if the source of cosmic rays is 
entirely material with solar system composition. On the right is the charge 
spectrum expected if the cosmic rays consist of an equal mixture of material 
with solar system composition and of 10 million year-old r-process 
material. In a six year mission, as little as 20% admixture of r-process 
material would lead to a detectable number of plutonium and curium events. 
Such an admixture cannot be ruled out by HEAO-3 and Ariel-6 data. 

is — QMl. Analysis . In a 28.5 degree orbit the earth's field will eliminate 

background tracks of slow, highly ionizing galactic iron nuclei and of solar 
flare particles. Recoil nuclei produced in interactions of trapped protons in 
the detector will have no significant effect on the insensitive Rodyne-P sheets 
and will give rise to a background of short etch pits In CR-39 which, on the 
basis of accelerator simulations, will not seriously degrade detector 
performance. The dependence of detector response on temperature 
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Fig. 3. Simulations of charge spectra. 


increases with ionization rate [4]. In a 28.5 degree orbit the worst case is 
for a ~1 GeV/amu uranium ion, for which the apparent charge shifts by ~0. 1e 
per deg C for Rodyne-P. Passive thermal coatings limit the temperature 
excursions to ±19 degrees C at the worst locations and ±5 degrees C at the 
best locations. These temperatures will be measured with adequate 
sensitivity by the event thermometer. Because all nuclei reaching the 
detector will be minimum-ionizing, the etching rate for a given plastic type 
will depend only on Z. For elements up to bismuth, measurements of etch pit 
elliptical mouths will suffice; for thorium and uranium both the mouth and the 
entire profile will be measured, using a three-dimensional image-analy: ,s 
technique [7] illustrated in Fig. 4. We expect roughly 5000 events with Z > 
60. About 5 x 10 5 etch pits will have to be measured. Commercial image 
processors can be used both to locate events and to perform measurements. 



Fig. 4. Digitized, projected image of an inclined etched uranium track. 
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ULTRAHEAVY COSMIC RAY TRACKS IN METEORITES: 

A REAPPRAISAL, BASED ON CALIBRATIONS WITH RELATIVISTIC IONS 

Claude Perron 

CNRS and Museum d'Histoire Naturelle 
75005 Paris France 


Experiments have been carried out on tracks of high 
energy U ions in olivine, a common meteoritic mineral. 
The results offer an explanation for the lack of success 
of previous attempts to derive the Ultraheavy Cosmic Ray 
composition from the study of tracks in meteorites. They 
also suggest how such experiments should be performed. 
The methods we are testing are described and 
illustrated . 


1 . Introduction 

Prompted by the observation that the Cosmic Ray actinide abundance 
is extremely low (1,2), and difficult to measure with a satellite born 
experiment, a study of heavy ion tracks in a meteoritic mineral 
(olivine), has been started in our laboratory (3), to reevaluate the 
feasibility of a measurement of this abundance by means of tracks in 
meteorites. To this end, experiments have been carried out, which made 
use of high energy U ions, first to try to better understand the 
processes involved in very heavy ion track registration and etching in 
a mineral, then possibly, to achieve a real calibration of the 
meteoritic detectors. 

The last results obtained allow us to fully confirm our statement 
(3) that the main difficulties of an Ultraheavy Cosmic Ray abundance 
measurement by means of tracks in meteorites would lie in the etching 
process itself. They demonstrate that, with classical techniques, and 
for very heavy ions, one should not expect any relationship between ion 
atomic number Z and etched track length. However, techniques can be 
devised to restore this relationship. Here we summarize what we have 
learnt about heavy ion tracks, without going into technical detail, 
before briefly describing the methods we are presently testing and the 
first results obtained with them, which make us reasonably optimistic 
about the chance of succeeding. 
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2. Heavy ion tracks: results and implications 

Most important is the observation that the track etch rate in 
olivine (and probably in other mineral track detectors as well) is not 
only governed by the radiation damage intensity, but also by the 
etching chemistry (4). The etch rate may be limited, by the etching 
process, to a much lower value than would be allowed by the radiation 
damage intensity alone. In addition, the etch rate allowed by the 
etching process decreases as etching proceeds (i.e. as the etched track 
length gets longer). For relatively short tracks (i.e. "light" ions) 
this is generally not of much importance. But for very long tracks, it 
turns out that after some time, the etch rate becomes so low, that 
etching finally stops, although the remaining part of the latent track 
is still potentially etchable (5). Thus, with the usual techniques, in 
which a track is revealed from one point, generally by means of a 
crystal fracture - natural or artificial - which intersects it, and 
through which the etchant can penetrate, the long tracks can only be 
partially revealed. Since the length of the etched portions are only 
determined by the etching chemistry, they do not reflect the atomic 
numbers of the ions which induced the tracks. This may explain the lack 
of success of previous experiments. 

In order to maintain the relationship between track length and Z, 
one has to reveal the whole etchable track length. For that, a method 
must be used, which allows the etchant to reach every track at many 
points along the ion path, so that the revelation of a long track comes 
to that of many short portions of it. 

3. Methods for proper revelation of long tracks 

We are presently testing 2 closely related methods allowing the 
complete revelation of any track. Both make use of medium energy (10-20 
MeV/u) heavy ion irradiations, and are variants of the TINT and TINCLE 
techniques (6). In the first one, olivine crystals are bombarded by a 
low intensity heavy ion beam (about 10 6 ions per cm 2 ). Upon etching, 
the tracks of these ions allow the etchant to penetrate inside the 
crystals, and reveal the long tracks which they happen to intersect. 
Each long track intersects many of these "feeding" tracks. In the 
second one, the crystals are bombarded by a much higher flux (n, 10 9 
cm' 2 ), through a mask, sufficiently thick to stop the ions, leaving 
them pass only through regularly spaced, narrow, parallel slits. Upon 
etching, the tracks of these ions in turn make sort of parallel grooves 
in the olivine, through which the long tracks, which cut many of them, 
can be entirely revealed. These techniques have been applied to the 
revelation of tracks of 190 MeV/u U ions from the Bevalac, and gave 


Fig . 1 . cont 1 d , 
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satisfactory results. 

As an illustration, a photomicrograph of a U ion track in olivine, 
revealed by the TINT technique, is shown in Fig.l (top), which has been 
cut into 4 parts, one on each page of the paper. The path of the 190 
MeV/u U ion is parallel to the plane of the figure. The ion entered the 
crystal on the right hand side (this page) and came to rest on the left 
hand side (first page). The crystal has also been irradiated by 14 
MeV/u Pb ions from the GSI accelerator (Darmstadt, FRG), 
perpendicularly to the plane of the figure. The tracks of these ions 
(seen as black dots on the photo) allowed the revelation of the track 
of the high energy U ion. It is seen that this track is etchable over 
the whole ion range ( ^2.8 mm) contrary to what we announced earlier 
(3), misled by an etch induction time effect (4,5). With usual 
techniques, less than one half of this length can be revealed (5). The 
high energy part of the track appears discontinuous. This is because 
the radiation damage intensity, linked to dF/dx, is getting lower in 
this region, so that in turn the etch rate is very low, and the 
different portions of the track have not been etched enough to meet. 

This part is also the most thermally fragile, and may be 
responsible for a large broadening of the track length distribution 
corresponding to a given Z, for Cosmic Ray tracks in meteorites, 
because of differential annealing in space. The solution to maintain 
the charge resolution, may be to make length measurements after a 
stronger annealing in the laboratory (3,7). In Fig.l (bottom) two 190 
MeV/u U ion tracks can be seen (with some difficulty) after partial 
annealing by heating at 425°C during 5 hours. The length of the tracks 
have been reduced to 1.1 mm (so that they are seen only on the first 2 
parts of the figure). After such a thermal treatment, the tracks of Kr 
and lighter ions are completely erased, and those of Xe ions reduced to 
80 pm. The best conditions for an ion identification experiment in the 
U region are still to be determined. This will be done by comparing the 
results obtained for high energy U ion tracks with those for Au ions of 
a similar energy, which we should get at the Bevalac in the near 
future . 

4 . Conclusion 

We feel that the results we have obtained, thanks to modern heavy 
ion accelerators, are extremely encouraging, and suggest that tracks in 
minerals might serve for ion identification purposes. Of course, tracks 
are tricky, and success is far from being certain. However, we may soon 
switch over, with some confidence, to real Cosmic Ray tracks. 

The author is much indebted to H.J Crawford and D.E. Greiner 
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(Berkeley) and to R. Spohr (Darmstadt) for assistance with the heavy 
ion irradiations. 
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Fig.l. Top: photomicrograph of the track in olivine of a 190 MeV/u U 
ion from the Bevalac, revealed by the TINT technique. The photo has 
been cut into 4 parts. The ion entered the crystal on the right hand 
side (this page) and came to rest on the left hand side (first page of 
the paper). The feeding tracks (14 MeV/u Pb ions) perpendicular to the 
plane of the figure, are seen as black dots. For the discontinuous 
appearance of the U ion track at the high energy end, see text. 

Bottom: same as top, but here, the tracks have been partially annealed 
(5 h at 425® C). Their etchable length has thus been reduced, and they 
are seen only on the first two pages of the paper. 
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1. Introduction . In recent years the sensibility of CR~39 to nuclear 
tracks has been increased by doping the corresponding monomer with di- 
octyl phta late. At this regard, two theoretical approaches are currently 
managed to explain this phenomenon: either the doping react with the ac- 
tive radicals in the chain blocking them, stopping crosslinking between 
chains, or alternatively that the doping gets between them giving wider 
space between the crossl inked chains. 

We delimitate the contribution of each one of these effects in 
increasing sensibility by applying experimental techniques that will on- 
ly block the active radicals of the chain. 

Since the discovery that dioctyl phtalate ( DOP ) as a dopant, in- 
creases the sensibility of the plastic CR-39 [4], other dopants had been 
tested. This dopants were generally heavy phtalic esters, as was origi- 
nally suggested in [*»]. 

We believe that phtalic esters may have twoo possible ways of 
reacting. Either they can react completely with the active radicals in 
the monomer bloking and by this stopping crosslinking, or, as they have 
two reactive sites, they can react with two monomers belonging to two 
different chains, and by this not to stop crosslinking, but widening the 
space between crossl inked chains. 

Terephtalic esters are suitable dopant openers of crossl inked 
chains and had also been used showing no great difference in sensibility 
as compared to the use of phtalic esters. 

Here we use benzoic esters, which would be considered as block- 
ers having just only one reactive site, as dopants, to see if they can 
increase the sensibility of CR-39. 

An increase in sensibility with benzoic esters compared to the 
phtalic or terephtalic esters,would prove that the sensibility in CR-39 
is increased by the dopant to stop crosslinking and not by widening the 
space between crossl inked chains. 

2. Theory . When the monomer- dietil en glycol bis al lyl carbonate- is ca- 
talyzed by the initiator, the monomer forms what is called free radicals. 
This free radicals are able to combine themselves within each other to 
form the polymer chain. However the free radicals of this monomer have 
two free electrons at both ends of the monomer molecule, which can be- 
come two covalent bonds at the ends of the molecule. This makes it pos- 
sible for different chains which have only use one of the free electrons 
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to make the chain and leave the other electron for possible interaction 
between chains to form a covalent bond between them. This is what is call 
cross 1 inking. 

If a phtalic ester (heavy) is added when pol imer i zat ion starts, 
then the free radicals of monomer induce an inestability between the 
carboxilic group in the ester and the heavy chain attached to it; causing 
the ester to break also in free radicals precisely in this bond. The car- 
boxilic group free radical has two oxigens with one free electron each, 
capable to react and form a covalent bond. So it can react with one mo- 
nomer in one chain and at the same time, with another monomer in another 
chain, therefore widening the space between these two crossl inked chains. 
However, it can happen that only one oxygen has lost his heavy chain and 
just one electron is now available for reaction. If this happens then the 
ester will react with only one monomer in one chain, thus blocking that 
possibility for crosslinking and by this reduce and eventually stop the 
possibility for crosslinking. On the other side the heavy chain free ra- 
dical can only interact as blocker. 


The purpose of using benzoic esters instead of phtalic or ter- 
ephtalic esters is that when breaking in free radicals, they can only 
have one electron for forming a covalent bond. Therefore they will only 
work stopping the crosslinking between chains. If the sensibility is the 
same as with the other esters, then phtalic esters work as blockers. If 
the sensibility decreases, then the phtalic esters work as openers. How- 
ever if the sensibility increases, then we can not say anything about 
the work of the phtalic esters but a better dopant has been found, 

3. Exper imenta 1 . Five different preparations were made using the french 
monomer C.A.D, from the Soci£t£ Franqaise D 'organo-synth^se , Each prepa- 
ration was polymerized using as initiator 3% by weight of asoisobuti ro- 
nitryl (A I BN ) from Dupont (perox id icarbonates were not available in our 
country), and four of them were dopped with different esters according 
to TABLE 1. All five polymers were polymerized at the same time, in the 
same oven with a thirtytwo hour curing cycle [1],[2], 


PREPARATION 

N° 

NAME 

INITIATOR 

INITIATOR 

CONC. 

DOPANT 

DOPANT 


CONC 

. 

...... r . ■ 

CR-39 

A 1 BN ' 

... 3r ■ ” ' 


— — 


2 ' ' 

CR-39 (DOP) ' 

At BN 

.... 3r ... . 

DOP 

3% 


3 

CR-39 (MB) 

Al BN 

. . .. . .. . 

MB • 

3% 


TT 

CR-39(BB) 

A I: BN ^ 

3% ' 

BB v 

" 3% 


5 

CR-39(SB) 

AIBN 

... .. . j /q . . 

. .. SB 

' 3% 


Al BN= asoi sobut i ron i tryl ; D0P= dioctyl phtalate; MB= methyl benzoate; 
6B= benzyl benzoate; SB ?= sod i um benzoate. 



After the curing cycle was completed, the plastics thus obtained 
where soft and flexible. We irradiated them, together with some samples 
of CR-39 (DOP) from Pershore Mouldings Ltd., with a-particles at differ- 
ent energies, We then etched them in a solution 25% NaOH at 70°C in three 
steps, A first step of two hours, a second one of two hours nineteen min- 
nutes and a third one of three hours .. 



4. Preliminary inference . At the time this confirming abstract was done, 
analysis of the irradiated plastics was in progress. The analysis will 
end with calibration curves describing the track velocity of attack as a 
function of the residual range, which would show the sensibility of each 
polymer compared to CR-39 ( DOP ) by Pershore. 

Though analysis is not yet complete, some preliminary inferences 
can be made: From the size of the tracks in our five plastics compared to 
the size of the tracks in the CR-39 (DOP) from Pershore , we can infer that 
the sensibility of our plastics should be about the same as the CR-39 
(DOP) from Pershore. Though, this should not be conclusive since calibra- 
tion curves have not been obtained yet. If this inference results in be- 
coming true, we would have proved then, that DOP works as a blocker and 
not as an opener that widens the space between crossl inked chains. 

At the moment being, we have a conclusive result. This is that 
the tracks in the polymer doped with sodium benzoate are very hard to a- 
nalyze since the polymer is quite turbid. 

5, Acknowl edgements . We are indebted to Dr, Miguel Balcdzar for the facil- 
ities in the use of his nuclear track laboratory during the phase of ir- 
radiation, etching and observation of the tracks. 
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Abstract 

The observation of ultra high energy cosmic rays with 20km 2 array 
has started at Akeno. The preliminary results on energy spectrum and 
arrival direction of energies above 10l®eV are presented with data 
accumulated for four years with the 1km 2 array, for two years with the 
4km 2 array and for a half year with the new array. The energy spectrum is 
consistent with the previous experiments showing the flattening above 
1018-5 eV. 


1. Introduction 

The detailed study on the energy spectrum and the arrival direction 
distribution of ultra high energy cosmic rays gives us the information 
about their origin, acceleration and propagation. There are still 
discrepancies among experimental results reported, especially in arrival 
direction distribution at highest energies. In order to clear up these 
problems, it is essential to increase the statistics. At Akeno the 
operation of the 20km 2 array has started. In this paper, the preliminary 
results about energy spectrum and arrival direction of EAS above 10l8 eV 


are reported. 

2. Experiment 

The experiments have been carried out 
with 3 different arrays, 1km 2 , 4km 2 and 
20km 2 . The arrangement of 1km 2 array is 
described in Hara et al[1]. For 1km 2 array, 
the data of 4 years are accumulated. The 
observation with 4km 2 array started at 23rd 
Dec. 1982[2] and continued until 26th Dec. 
1984. The 20km 2 array has been in partial 
operation from 8th Sep. 1984 and full 
operation including the 4km 2 array from 
27th Dec. 1984. The detector arrangement 
of 20km 2 array is described in Teshima et 
al[3]. 

The trigger requirements of 20km 2 array 
are 6-fold coincidence of neighbouring 
detectors of 23 deployed in about 1 km 
separation with each other. The 
discrimination level of the signal is 0.5 
particle equivalence per detector of 2.25m 2 
area. 

In this experiment about 250 EAS’s of 
energy above 10l8eV and 5 EAS's of above 
10l9eV are observed. 



Fig.l(a) The lateral 
distribution of 
the largest event. 
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3. The largest event at Akeno 

In fig.1 are shown (a) the lateral 
distribution of electrons, (b) the 
density map and (c) the arrival time 
sequence of each detector of the largest 
event observed so far at Akeno. Numbers 
of particles per 1 m 2 are typed on the 
detector position. In (c) the arrival 
time differences between each detector 
and that of the fastest incident 
particle(indicated by 0) in a unit of 
100 ns. This event was recorded in a 
period under construction of the 20km 2 
array. The size of total electrons is 
1.67x10^0 and the zenith angle is 30.3 
degree. The core hits inside the array. 
The estimated primary energy is about 

3x10l9 e v. 

4. The electron size spectrum 

The electron size spectrum is 

derived only from the data of EAS's 
whose cores hit inside the array, 
because the error in size determination 
for those outside the array is so large 
that the spectrum is possibly deviated 
as described in Teshima et al[3]. Since 
the collection efficiency of the new 
array is not 100? for the showers 
smaller than 10^, the effective area is 
estimated by analyzing 100,000 



LOG Ne 

Fig.2 The electron size 
spectrum. 


artificial showers simulated by the Monte Carlo method, which distribute 
uniformly over the wide area following the size spectrum with exponent of 
-3. The collection factor due to the triggering inefficiency and the 
error of size determination can be estimated by reconstructing the size 


spectrum of these artificial showers. The size spectrum thus corrected is 
shown by open circles in fig.2. The new spectrum obtained by the 1 km 2 
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array with accumulated data are also plotted by solid circles. The 
effective area times observation time are 2.77x10® km 2 s and 6.08x10? km 2 s, 
respectively. The agreement is satisfactory showing the present 
correction to be reasonable. The differential size spectrum is expressed 
by 


J(N e )dN e = (5.65<N/6.47)x10- 1 9x(N e /10 6 * 8 )(- 2 *? 2 ' v - 2 * 8 7)dN e m- 2 s-1sr- 1 , 

up to 101°, which is consistent with the extrapolation of our previous 
results[4] . 


5. The arrival direction 

The arrival direction of EAS above 10^ 8 eV on the galactic coordinate 
is shown in fig.3. The area of the open circles are proportional to the 
primary energies. The smallest circle corresponds to 10^ 8 eV and the 
largest one to 3x10^9. These data are the compilation of 1km 2 ,4km 2 and 
20km 2 array. The center of the figure is (H ,b]L)=(120, 0). The dashed 
lines indicate the longitude and latitude of equatorial coordinate. The 
exposure is almost uniform along the longitude lines expressed by the 
dashed circles, but not along the latitude lines. 



-90 

Fig.3 The arrival direction distribution of EAS's 
above 10^ 8 eV on the galactic coordinate. 


6. Discussions 

The primary energy spectrum is derived from the present size spectrum 
by multiplying the conversion factor which was derived at smaller size 
regions as w x R =3.9x(Ne/10 8 )~0*105 GeV[4]. Where w is the conversion 
factor from electron size at the maximum development, 1.4 GeV[5] and R is 
the ratio of the shower size at maximum to the size at 920gcm“ 2 . 

In fig.4 the primary energy spectrum derived from the data of 4km 2 
array and 20km 2 is shown by the open circles and compared with the 
previous experiments. The total exposure is about 10 km 2 *year for the 
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showers of 10^9 eV. This result shows the good agreement with our 
previous result with the Akeno 1km 2 array[4] at energy region between 10 1 ? 
eV and 10l°eV. Above lO^eV the present spectrum is consistent with the 
results of Haverah Park[4], Yakutsk[5] and Sydney[6] showing the 
flattening. Here the Sydney results are plotted by applying the conversion 
factor used in ref [4], 

Though the statistics is not enough, some interesting features can be 
seen around 10l°-10^9eV. That is, the largest showers are clustered 
around the Cygnus direction and the spectrum shape does not follow the 
simple power law. 
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Fig. 4 The primary energy spectrum. 
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ULTRA HIGH ENERGY COSMIC RAY SPECTRUM 
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J.W., Gerhardy, P.R., Ko, S., Loh, E.C., Mizumoto, Y., Salamon , M.H, 

Sokol sky, P., Steck, D. 

Department of Physics, University of Utah, Salt Lake City, UT 84112 

ABSTRACT 

Ultra-high energy cosmic rays have been observed by means 
of atmospheric fluorescence with the Fly's Eye since 
1981. The differential energy spectrum above 0.1 EeV is 
well fitted by a power law with slope 2.94 ± 0.02. Some 
evidence of flattening of the spectrum is observed for 
energies greater than 10 EeV, however only one event is 
observed with energy greater than 50 EeV and a spectral 
cutoff is indicated above 70 EeV. 

1. Introduction. The Fly's Eye experiment has been described in 
detail el sewhere-*- . Since November 1981, it has been in operation with 
67 mirrors and 880 photomultiplier tubes. Results of the analysis of 
the data collected up to September 1984 are presented here. During 
this period, 2408 well measured events with energies greater than 0.1 
EeV were detected in 1278 hours of live tifne. 

2. Energy and Spectral Calculation. The energy of an event is 
estimated by fitting the measured longitudinal development profile of 
the shower to both Gaussian and unconstrained (3 free parameters) 

Gai sser-Hi 1 1 as 2 curves. These curves are integrated to obtain the 
total track length of the shower particles, and then converted to total 
'electromagnetic' energy by the relation 

= £r>/Xn f Np(x)dx 

where e 0 /X 0 is the ratio of 
critical energy of an electron 
to its radiation length in air, 
giving the total rate of energy 
loss by ionization and excita- 
tion. The loss rate used here 
is 2.18 MeV g cm -2 . Total 
energy of the primary particle 
is then calculated by correcting 
the 'electromagnetic' energy 
for undetected energy using 
estimates of this lost energy 
derived by Linsley 3 . These 
range from 13% at 0.1 EeV to 5% 
at 100 EeV. This method of 
energy estimation relies only 
on low energy interactions and 
is essentially model independent. 
Shown in Fig. 1 is the raw 
energy distribution of observed 
events. 



Figure 1. Raw Energy Distribution 
of Fly's Eye Data. 




147 


OG 5.1-2 


To obtain the energy spectrum from these data, the energy 
dependent Fly's Eye aperture must be calculated. This has been done 
using a Monte Carlo simulation of the system. In this simulation 
quasi-random trajectories and first interaction depths for the events 
are chosen from an isotropic distribution, and the showers are developed 
using the constrained Gaisser-Hillas^ parameterization and shapes 
obtained from the real data sample, thereby ensuring consistency between 
the simulation and the data base. Triggering Monte Carlo events are 
stored and analyzed using the analysis programs which are used on the 
real data. The sensitive aperture of the Fly's Eye is then calculated 
from the ratio of accepted to tried Monte Carlo events. Scatterplots 
of the distribution of events in impact parameter and energy for both 
(a) Monte Carlo and (b) real events are shown in Fig. 2. There is 
excellent agreement between these distributions, indicating that the 
simulation is a good representation of the Fly's Eye. Figure 3 shows 
the effective Fly's Eye aperture calculated from the simulation. 




Figure 2. Energy vs Impact Parameter Scatterplots for 
(a) Monte Carlo and (b) Fly's Eye Data. 

The sel f-consistency of the analysis programs is also checked 

by the processing of the Monte 
Carlo events with the analysis 
routines and comparing the 
results with the original 
Monte Carlo event parameters. 
Response functions for 
(a) zenith angle, (b) impact 
parameter and (c) energy are 
shown in Figure 4. 

3. Results . Using the above 
techniques, the differential 
energy spectrum of the observed 
data has been calculated. It 
is shown in Figure 5 plotted 
as E 3 j(E). The spectrum is 
essentially flat between 0.1 
and 10 EeV with a slope of 
and 50 EeV, there is the appearance of a bump, 



100 


Figure 3. 


E (EeV) 

Fly's Eye 

Sensitive Aperture. 


2.94 ± 0.02. Between 10 
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(a) 



with 62 events in this interval 
compared with 46 that would be expec- 
ted if the spectrum continued with 
the same slope as at lower energies. 
Since the uncertainty in this pre- 
dicted value is small, the signifi- 
cance of the bump is roughly 
16//4F = 2.4a. If the spectrum 
between 10 and 50 EeV is fitted by a 
power law, the slope is found to be 
2.42 ± 0.27, about 2a flatter than 
the value at the lower energies. 

Only one event is observed with 
energy greater than 50 EeV . Thi s 
should be compared with 11 ± 5 events 
which would be observed if the spec- 
trum continued above 50 EeV with the 
same slope as between 10 and 50 EeV. 


Discussio n and 
noted 


Conclusions . 

between 1 


(b) 


It should oe noted tnat 
and 50 EeV, the Fly's Eye energy 
spectrum is in good agreement with 
that of the Haverah Park 4 experiment, 
although differences exist above and 
below these energies. This agreement 
provides a useful check on the opera- 
tion of the system, since in this 
energy regime, the Fly's Eye aperture 
is well simulated and data collection 
statistics are good. Below 1 EeV, 
the acceptance is rapidly changing 
and threshold simulations and errors 
in the estimates of analysis 
efficiency could acocunt for any 
differences. This possiblity is 
being investigated. However, above 
50 EeV, the discrepancy appears to 
be real . Here the Fly's Eye aperture 
is increasing (albeit slowly) and 
most of the extra events expected 
would have fallen within the 50 EeV 
acceptance where the agreement is 
good. The efficiency for detection 
and analysis of these events should be higher due to the increased 
brightness of the resultant air shower. 



ENERGY DEVIATION (PERCENT) 

(c) 

Figure 4. Analysis Response 
Functions for (a) Zenith 
Angle, (b) Impact Parameter, 
and (c) Energy. 


The spectral shape derived is consistent with that predicted 
by Hill and Schramnr for source distances between 70 and 150 Mpc, with 
a Greisen 6 cutoff above a recoil pileup of the primaries. 


\ 
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Figure 5. Fly's Eye Differential Energy Spectrum. 
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THE PRIMARY COSMIC RAY SPECTRUM ABOVE 10 19 eV 
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ABSTRACT 

We describe progress on a re-evaluation of the spectrum of cosmic 
rays determined with the Haverah Park shower array. Particular 
attention is paid to the reality of some giant showers. 

1. Introduction. We are engaged in a re-appraisal of the energy 
spectrum of cosmic rays above 10 18 eV as determined with the Haverah 
Park shower array. Here we offer a progress report on work which is 
motivated by the continuing controversy over the shape of the spectrum 
above 10 19 eV - in particular the Yakutsk group have questioned the 
reality of events of 10 28 eV - and by the recent re-investigation of the 
predicted shape of the spectrum above 10 19 eV if the sources of these 
particles are at cosmological distances (Hill and Schramm 1985) . 

2. Cosmic Ray Energy Spectrum . The differential energy spectrum 
derived from our work above 10 18 eV is shown in Figure 1. Above 

3. 5 x 10 1 8 eV the spectrum has been updated by the addition of events 
recorded to December 1983. A detailed analysis of possible sources of 
systematic error has been made taking into account the effects of un- 
certainties in zenith angle, lateral distribution fluctuations, core 
location and attenuation length, (Cunningham 1982). For energies 
between 8xl0 17 and 3.5xl0 18 eV systematic selection effects and 
analysis errors dominate over statistical uncertainties and detailed 
simulations have allowed a deconvoluted spectrum to be derived. Above 
3.5xl0 18 eV the error analysis has been conducted on a shower-by-shower 
basis and the statistical errors have been shown to be at least twice as 
great as the instrumental errors. We do not yet regard the spectrum of 
Figure 1 as our 'final' spectrum as further refinements will be possible 
as our detailed knowledge of showers increases but we wish to emphasise 
that we have considerable confidence in the durability of the intensities 
and energies assigned above 10 19 eV. The major differences between this 
spectrum and those published at Kyoto are (a) the exclusion of events 
with 0 > 45° (as we now regard our knowledge of the structure function to 
be incomplete above this angle) and (b) use of an energy dependent 
structure function measured in showers of 10 1 - 5 x 10 eV (Coy et al 
1981) and in a small number of large showers which fell during the period 
of that experiment. The main features of the spectrum are the flattening 
above 10 19 eV and its continuity to just beyond 10 2 ° eV . At the Paris 
conference we pointed out that the flattening may also be interpreted as 
a dip in the spectrum (Bower et al 1981) and suggested that if particles 
above a few times 10 18 eV were p£ extragalactic origin then the dip might 
well be due to electron-pair production. This interpretation has been 
confirmed by the detailed analysis of Hill and Schramm (1985). 

The Haverah Park and Yakutsk spectra (Vaselev et al 1983) are compared 
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in the lower part of Figure 1. The spectra are found to agree reasonably 
well until about 3 x 10 1 eV when the absence of large showers in the 
Yakutsk spectrum becomes apparent. 


In recent years a 
number of 1 m 2 blocks 
of scintillator have 
been incorporated in 
the Haverah Park array 
making possible a 
comparison between the 
model calculation con- 
version used by the 
Haverah Park group 
and the calorimetric 
approach of the 
Yakutsk group. We 
have shown else- 
where that the cali- 
bration is good (to 
within better than 
20%) up to at least 
5 x 10 19 eV and 
similarly that the 
Volcano Ranch energy 
estimates are in 
accord (Bower et al 
1983a, b) . Also the 
Sydney experiment 
offers evidence of a 
flattened spectrum 
above 4 x 10 19 eV 
(Horton et al 1983); 
that spectrum may 
extend to 4 x 10 2 ° eV 
(Linsley 1983). We 
do not plot the 
Sydney spectrum here 
because of un- 
certainties about the 
energy calibration. ^ 



3. Events of IQ 20 eV . The 4 most energetic events included in the 
spectrum have been assigned energies > 10 2 ° eV. Brief details of these 
are given in Table 1; maps of the density pattern observed in each event 
were published in the World Data Catalogue although the sizes have been 
slightly altered as a result of the revised lateral distribution function 
now adopted. Three of the events have risetime information available at 
one or more of the 34 m 2 detectors and are discussed in that context in 
HE 4.7-6 (Lawrence et al) . 


Of the events in Table 1 by far the most outstanding in terms of number 
of densities and precision of core position is 17684312. Unfortunately 
this event was recorded in the epoch before scintillator densities were 
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being recorded. One of the most energetic events with scintillator 
density information is 21220296, a map for which has been published else- 
where (Bower et al 1983c) and these two events are contrasted in Table 2. 


Table 1 


Reference 

number 

angle 0 

a 

6 

b 

r j (m) 

Energy 

(eV) 

World Data 
Catalogue 

Rise- 

times 

8185175 

35 

353° 

19° 

1 

-O' 

o 

o 

443 

1.02 x 10 2 ° 

p78 

None 

17684312 

35 

201 ° 

71° 

46° 

376 

1.05 x 10 2 ° 

p86,87 

1 

9160073 

30 

199° 

44° 

73° 

1384 

1.05 x 10 2 ° 

p79 

2 

12701723 

29 

179° 

27° 

o 

00 

1093 

1.21 x 10 2 ° 

p83 

4 


Table 2 : Comparison of two giant air showers 


Zenith angle 

Number of water- 
Cerenkov detectors 
and distance range 

Number of 1 m 2 
scintillators and 
distance range 

S (600) m~ 2 

p(600) m“ 2 

p v (600) m 2 

Primary energy: 

Yakutsk calibration 

Hillas relation 


21220296 

(J Phys G 9, 1569 1983) 

13° 

24 

150 < r < 2170 m 
8 

420 < r < 680 m 
157 
64 
66 

5.3 x 10 19 eV 
5.0 x 10 19 eV 


17683412 

(World Data Catalogue 

pp86-7) 

35° 

50 

90 <• r < 2500 m 


105 

136 


1. 1 x 10 2 ° eV 


The estimated error in the assigned size (p(600)) for each of these 
events is ^ 30% ; this error includes core location uncertainty, 
stationary error and allowance for lateral distribution uncertainty and 
is so small because of the exceptional symmetry in the detector density 
patterns. The risetime measurements in each event are also in agreement 
with these analyses. Event 17683412 is unquestionably twice as large as 
21220296 which in turn, through the scintillator and water-Cerenkov 
densities, has two independent energy estimates of ^5xl0 19 eV. 


In addition to the 4 events discussed above we have recorded a further 4 
everts which we believe are ^10 2 ° eV. These are not included in our 
energy spectrum because they arrived from zenith angles > 45° and/or the 
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cores fell outside of the array boundary. The flux derived from all 8 

/ _ v 

events in this total exposure of 657 km 2 sry is 


+2 

-1 


x 10 1 6 m 2 s 1 sr 1 


and is consistent with that deduced for the 4 events of Table 1, namely 

f - \ 7 J 


I(> 10 20 eV) 


+2 

-1 


xlO 16 m 2 s 1 sr 1 


4. Discussion and Conclusions . The proven existence of cosmic ray 
events with E > 10 2 ° eV demands explanation. Presumably the source of 
these events must be relatively close to the earth but it can hardly be 
galactic as |b| >40° for all 4 events of Table 1. The inferences drawn 
about the ability of the Cygnus X-3 system to accelerate large fluxes of 
cosmic ray nuclei to 10 1 7 eV/nucleon (Hillas 1984) leads naturally to 
speculation that a suitably scaled up system, perhaps in the nucleus of 
an active galaxy, can accelerate particles to 10 2 ° eV and beyond. 


Our current best estimates of the integral intensities above 10 18 , 10 19 
and 10 2 ° eV are 


I (> 10 1 8 eV) = (1.9 ± 0.2) x 10" 


m 


sr 


I(> 10 19 eV) = (2.1 ± 0.2) X 10 
I(> 10 2 ° eV) = (3 ± 2) 

Further details of our analysis will be published elsewhere. 


1 4 m~ 2 s~ 1 sr" 1 


x 10 16 m 2 s 1 sr 1 
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ABSTRACT 

Both the maximum size N m and the sea level muon size Ny have 
been used separately to find the all-particle energy spectrum 
in the air shower domain. However the conversion required, 
whether from N m to E or from Ny to E, has customarily been car- 
ried out by means of calculations based on an assumed cascade 
model. It is shown here that by combining present data on N m 
and Ny spectra with data on 1) the energy spectrum of air show- 
er muons and 2) the average width of the electron profile, one 
can obtain empirical values of the N^ to E and Ny to E conver- 
sion factors, and an empirical calorimetric all -particle spec- 
trum, in the energy range 2*10° < E < 2* 10 9 GeV. 

1. Introduction. The great majority of shower particles are electrons, 
so it is natural that in the earliest air shower experiments the energy 
estimates were based on the number of electrons at the observation level. 
The first estimates (Auger 1939) were too low by about a factor of 4, be- 
cause 1) the correction for longitudinal development was too conserva- 
tive, and 2) the energy given to muons, neutrinos and low energy hadrons 
(Ey V h) was ignored. (At the energies in question Ey V h amounts to some 
35% of the whole.) The first difficulty stems from the average electron 
energy being comparatively low ('v B c , so that electrons are continually 
absorbed and regenerated. In order to estimate the energy deposited in 
the atmosphere one must use an integral signal such as the yield of at- 
mospheric Cerenkov or fluorescent light, or else face the problem of ac- 
curately evaluating a correction factor that may be as large as a factor 
20. By observing showers near maximum development (which generally means 
at a very high altitude) one can reduce the uncertainty in Ejjm ky mini- 
mizing the correction factor. Following this approach, one finds the 
all-particle energy spectrum by combining measurements of the N m spectrum 
with estimates of the conversion factor E/N m . 

The alternative is to use shielded counters, which respond only to 
muons, and measure the Ny spectrum, where Ny(>Ey) is the 'muon size', the 
number of muons with enough energy to penetrate the shielding . This was 
done on a very large scale in the SUGAR experiment (Horton et al . 1983) 
and more recently in experiments at Chacaltaya, Tien Shan and Akeno 
(Kakimoto et al. 1981, Kirov et al . 1981, Hara et al . 1983). The diffi- 
culty with this method is that calculations relating Ny to primary energy 
are relatively complex and model-dependent (see for example McComb et al. 
1977 and Hillas 1981) . Calculations of E/N m are less affected by these 
difficulties, but they also require estimating the energy given to muons. 

My purpose here is to show that by treating the experimental N ra and 
Ny spectra simultaneously , using also experimental data on 1) the energy 
spectrum of air shower muons and 2) the width of the electron profile, 
one can obtain conversion factors which are almost entirely empirically 
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based, and a new result on the all-particle energy spectrum which is al- 
most entirely model independent. 


2. Relation between maximum size and electronic energy. The energy dis- 
sipated by electrons is given by the track length integral 


■'EM 


= (E c /x 0 )/N(x)dx 


( 1 ) 


where N(x) is the number of electrons at depth x g/cm 2 , E c is the criti- 
cal energy (=81 MeV in air according to Dovzhenko and Pomanskii 1964) , 
and x Q is the radiation length (= 37.1 g/cm 2 in air according to confer- 
ence paper HE4.4-4). Writing E EM = K(E c /x 0 ) aN m , where lf m is the height 
and a is the width (standard deviation) of the average shower profile, 
what can be said about the value of K? Using a Gaussian distribution for 
N (surely quite a crude approximation), K = /2 tt = 2.51. Using a gamma 
distribution, N = N 0 ^^exp ( -q£ ) where ?=x/x m , which can be adjusted to fit 
very well (see conference paper HE4.4-5) , the value of K ranges from 2.35 
for q=6 (small showers) to 2.42 for q=12 (large showers). Thus it hardly 
varies at all, so adopting an average value for K, and substituting for 


(E c /x 0 ) , I obtain 


E em = (a/192) N, 


m 


(2) 


where a is in g/cm 2 * * and E EM is in GeV, accurate to 1-2%.* The profile 
width has been measured in the Yakutsk and Utah experiments (Grigoriev et 
al. 1983, Baltrusaitis et al . 1985), but only for E ^ 10 9 GeV. The ener- 
gy dependence is expected on theoretical grounds to take the form o 2 = 

A + BD 10 logE, where D 10 is the elongation rate per decade, = 65 g/cm 2 
(Linsley and Watson 1981) and B is a characteristic length of order 60-70 
g/cm 2 (conference paper HE4.4-5) . Using the Yakutsk-Utah data to fix the 
value of A, one obtains o 2 = l.l'lO 4 + 4.2*10 3 logE (Linsley 1983),^ and 
finally, by substitution in (2) , 


e em 


0.71 N 2 ’ 025 


(3) 


3. Relation between muon size and Ep V ^. There is good agreement among 

independent measurements of the energy spectrum of air shower muons 
(Atrashkevich et al . 1983 and references therein) . This spectrum is 

quite hard; almost half of the observed energy is given to particles with 

individual energies above 30 GeV. Over the range of shower energies 
where it has been studied (3*10 5 -10 8 GeV), the shape of this spectrum is 

invariant; hence the total energy of the observed muons is proportional 

to N y (>lGeV) , the number of muons (at sea level) with energy > 1 GeV, 
where the proportionality constant equals 10.0+.5 GeV. To obtain the 
energy given to neutrinos the observed muons are propagated backward to a 
production spectrum. In the air shower region it is found that E v ^ 

0.4 Ey^obg, where E v includes both Vp and v e . This result checks with a 
forward propagation calculation by Hillas (1981) . Experiment based esti- 
mates of E^, the energy deposited by low energy hadrons, range from 
0.8 Ep f0bs (Greisen 1956) to 0.3 Ep f0bs . Adopting E h ^ 0.4 Ep f0 k S as a 
conservative estimate, the total non-electronic contribution is obtained: 


E Vivh 


(18 


+3.5 

-1.5 


GeV) -N y (>lGeV) 


sea level 


(4) 


An alternative form which may sometimes be more convenient is E EM = 
(Xhm/428) N m , where Xj^ is the full width at half maximum (Linsley 1981) . 
* In the energy range of interest here, the simpler formula a = 130 + 
10.2logE is equivalent. 
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Table 1. Muon size for a given in- 
tensity from various experiments . 


integral 
intensity 
(m z sr s) -1 


y 


(>lGeV) 


muon Ref . 
threshold 
(GeV) 


10~ 6 

2.3 

X 

10 4 

10.0 

VK* 

-7 

10 

6.5 


tl 

II 

11 

10 -8 

1.6 

X 

io 5 

II 

II 

fl 

1.6 


ft 

1.0 

Ha@ 

-Q 

10 

3.8 


ti 

10.0 

VK* 

If 

4.0 


ii 

1.0 

Ha@ 

O 

1 

M 

O 

1.0 

X 

io 6 

11 

II 

lo " 11 

2.5 


ii 

0.22 

L*@ 

it 

2.0 


it 

0.70 

Dm* 

ii 

3.5 


ii 

0.75 

Ho* 

it 

2.4 


ii 

1.0 

Dx 

ti 

2.6 


ti 

11 

Ha@ 

io " 12 

5.7 


ti 

0.70 

Dm* 

11 

9.1 


ii 

0.75 

Ho* 

io - 13 

1.6 

X 

io 7 

0.70 

Dm* 

It 

2.4 


II 

0.75 

Ho* 

-1 d 

10 

6.4 


II 

II 

11 

io' 15 

1.7 

X 

io 8 

ft 

It 

io - 16 

4.5 


fl 

11 

II 

io - 17 

1.2 

X 

io 9 

II 

II 

adjusted to 

1 

GeV 

threshold 



adjusted to sea level 


10 5 - 


OG5.1-4 

Neither this result nor the one ex- 
pressed by (3) depends on any as- 
sumption about the primary composi- 
tion; they are properties of cosmic 
rays as they occur, in this energy 
range, at the solar system. As an 
experimental result, (4) applies to 
the energy range given above, 3 
10 8 GeV. Extrapolation up to 10 11 
GeV is justified unless there occurs 
some radical change affecting the 
production of very high energy muons 
and neutrinos. 


4. Calorimetric all-particle energy 
spectrum. Data on the Ny and N m 
spectra are summarized in Tables 1 
and 2, in inverse form (Ny and N m as 
functions of integral intensity) . 

The (inverse) all-particle energy 
spectrum is obtained by adding to- 
gether E em from (3) and Ey V jj from 


y 


(4), using tabulated values of N 
and N m for the same intensity, in 
the range 10" 6 -10 -12 /m 2 sr s where 
there are reliable data for both Ny 
and N m . The result, changed to dif- 
ferential form, is shown in Fig. 1. 

In case of Table 1 the various Ny 
values for a given intensity were 
averaged; in case of Table 2, the 
later results at Chacaltaya were 
Used. There is good agreement with 
the Yakutsk energy spectrum in this 
range (Efimov and Sokurov 1983) , and 
with Haverah Park results (Cunning- 
ham et al. 1980). The present result 


supports a rather high location, nearly 10 7 GeV, for the transition re- 
gion where the change of slope (knee) occurs. 


5. Other results; conversion factors. As I showed previously, this deri- 
vation of the energy spectrum yields as by-products factors for convert- 
ing N m and Ny separately to primary energy, and also yields the fraction 
of primary energy given to electrons, vs energy (Linsley 1983) . These 
results are shown in Fig. 2. The low value found for E/N m , 1.3±.2, con- 
firms an important prediction by Hillas (1983) . An apparent conflict be- 
tween results from Chacaltaya and from lower elevations is resolved. The 
earlier values of N m (La Pointe et al. 1968) were somewhat too low, but 
energies were about correct because the conversion factor was somewhat 
too high. The later values of N m are more nearly correct, but the ener- 
gies were too high because the conversion factor was much too high. Al- 
though here the conversions, N m to E and Ny to E, have been treated sym- 
metrically, the energy dependence of the Ny-E 'conversion factor' makes 
this inconvenient in practice. Convenient formulae for representing the 
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N y (>lGeV) s#1> = E (GeV) °' 835 /6.8, (5) 


Np data in Fig. 2 and Table 1 are: 
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Fig. 1. All-particle Energy Spectrum. 



Fig. 2. Other Results. Open cir- 
cles E/N m , squares Eg^/E (r. h. 
scale), filled circles logfE/N^) . 


J[>N y (>lGeV)] sa# = 3.10 4 N y “ 2 * 4 , (6) 

where J is in, m -2 sr -1 s -1 . 

Table 2, Maximum size for a given 
intensity from various experiments 


integral N m obs. Ref. 

intensity depth 

(m 2 sr s)' 1 g/cm 2 
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PRIMARY COSMIC RAY SPECTRUM IN THE 10 l3 -10 16 eV 
ENERGY RANGE FROM THE NUSEX EXPERIMENT 
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INTRODUCTION 

The single muon intensity has been measured in the NUSEX experiment at 
various depth up to 10,000 hg/cm 2 s.r.. 

These intensities have been converted to a sea-level muon energy 
spectrum which is used to derive the primary all-nucleon flux. 

From these data we are able to determine the slopes of the primary 
proton and helium spectra, which are thus used in a model for the 
primary composition producing the observed multiple muon rates. 


DATA REDUCTION AND PRIMARY SPECTRUM 

The NUSEX detector is located in the Mt. Blanc tunnel at a vertical 
depth of about 5000 hg cm' 2 s.r. It consists of a cube of 150 t mass 
and 3.5 side, made of 136 horizontal planes 1 cm thick, interleaved with 
planes of tubes of 1 cm x 1 cm cross section, operating in the limited 
streamer mode. More details are reported elsewhere [1]. 

20429 muon events crossing at least 10 layers were recorded in a zenith 
angle range 0° - 75° during an effective working time of 18,946 hours 
from June 1982 to December 1984. The number of events for different 
multiplicities are reported in table 1. 

The single muon intensity at different depths has been found using the 
procedure of Ref. 2. The general relation 

i(h, e) = i^Ch) •G ir,K (h, e)+i p (h) *G p (h, e) (l) 

p P 

has been fitted to the data. Here the ir and K superscripts refer to 
conventional muons from ir and K decay, the p superscript to prompt muons 
from charmed particle decays. 
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The angular enhancement functions have been calculated in Ref. 3 . The 
intensity of prompt muons is found < 4% on the considered range of 
depths, so that the second term in (l) has been neglected. The muon 
intensity is reported in Fig. 1. together with the intensity points 
measured with the spark chamber apparatus located in the Mt. Blanc tunnel, 
garage 27. The agreement is excellent, so giving a unique intensity-depth 
set of measurements from 3900 to 10000 hg/cm 2 s.r. very well represented 
by the relation 

I^ K (h) = ( 7. 63 ±.48) *10 ‘ 7 exp [— h/ (810.44±. 84) ] cm ' 2 s " *sr ‘ 1 
Following the procedure of Ref. 2 we derive the primary all-nucleon 
spectrum in the relevant energy range 10 1 3 t 2»10 11 * eV : 


dN 

dE 0 


(4.8±.2)E„ 2 - ,79± * 03 


-2 -1 -1 -1 
cm s sr GeV 


The rates of events with exacty n muons have been calculated following 
the procedure described in Ref. 4. 

- Y U) 

* n = IiV A > f E . P n (E 0 ,A)dE 0 

where P^ (E 0 ,A) is the probability to sample n muons of a shower 
resulting from the interaction of a primary with energy E 0 , and mass 
A, and the primary spectrum is described as a superposition of single 
power spectra 

dN -y^CA) 

dE 0 = 2i k i (A) E ° 1 (i=p,a,CN0,Mg,Fe) 

Inputs to P n (E q ,A) come from the energy and radial muon distributions 
calculated by Gaisser and Stanev (Ref. 5) for our experimental site. We 
assume a value of -2.79 for the spectral index of proton and helium nuclei 
as determined from our data and normalize the flux at 10 TeV to the JACEE 
data. The spectral index for CNO and Mg groups is chosen slighty flatter 
as suggested by direct measurements to which we refer for relative 
normalization. The iron spectrum is normalized to a flux of 2.42 10" 5 
nuclei/ (m 2 *sr *s *GeV/nucleon) at 100 GeV/nucleon, while its spectral index 
is considered as a free parameter. 
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Beyond a rigidity R^ = 2 10 6 GeV/c, all spectra steepen to y - 3.0. 

The breaks for nuclei different from protons are at a total energy 

(A/2)R . 
c 

Fig. 2 shows that the measured rates are well described by an iron 
spectral index in the range 2.6 - 2.7. 

This model describes very well both the all-nucleon flux in the range 
10 1 3 - 10 ll * eV and the all-particle flux between 10 1 3 - 10 1 6 eV 
(see for exemple the compilation of Hillas in Ref. 6). Normalization 
coefficients, slopes and breaking points or all components are summarized 
in table 2. 


CONCLUSION 

We have determined a primary cosmic ray spectrum fitting both our 
experimental multiple muon rates and the all-nucleon flux derived from 
the single muon intensities underground. 

In the frame of the interaction model developped by Gaisser, Elbert and 
Stanev, we are able to reproduce NUSEX muon data with a primary 
composition in which the iron spectrum is only slightly flatter than the 
proton one. 

This result rules out the popular idea that the primary composition 
varies drastically with increasing energy, leading to the dominance of 
heavier nuclei at energies 10 1 5 - 10 16 eV. 
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Figure Captions 

Fig. 1 - Muon intensity underground at Mt. Blanc. 

Fig. 2 - Comparison between experimental rates and the predictions of 
our model of primary composition for different values of the 
iron group spectral index. 
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Rate of multiple muons 

# events Time 

20429 

211 

29 18946 hours 

4 
2 
1 

Table 2 



K (m‘ 2 s ' l sr " 3 GeV “ l ) y 
i i 


Points of 

change of slope, E(GeV) 


p 

3.28 10 4 

2.79 

2 10 6 

He 

1.75 10 4 

2.79 

4 10 6 

CNO 

6.20 10 3 

2.71 

1.4 10 7 

Mg 

9.20 10 3 

2.71 

2.6 10 7 

Fe 


2 . 6 £2 , 7 

5.2 10 7 
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A NEW MEASUREMENT OF THE COSMIC RAY ENERGY SPECTRUM 
BETWEEN 3xl0 15 eV AND 3xl0 16 eV 

A.G. Gregory, J.R. Patterson and R.J. Protheroe 
Department of Physics, University of Adelaide 
Adelaide, South Australia, 5001. 

ABSTRACT 

We give the results of a new Cerenkov photon density spectrum 
measurement and present our derivation of the primary cosmic 
ray energy spectrum for energies from 3xl0 15 eV to 3xl0 16 eV. 

1. Introduction. In a previous paper, Protheroe and Patterson 1 
examined the information available from various types of Cerenkov light 
photon density spectrum measurements and proposed a conceptually simple 
but powerful experiment. From simulations, it was found that the photon 
density spectrum of nearly vertical air showers observed by a system of 
two detectors separated by 350 m was independent of nuclear mass 
composition and depended only on the primary energy spectrum. On the 
other hand, a system of two detectors close together (or a single 
detector) would be sensitive to the composition. By making these two 
measurements then, it is possible to determine the energy spectrum and 
obtain information about composition. 

In practice, the experiment is complicated by the necessity to 
observe only near-vertical showers and to know the acceptance solid 
angle of the system. Either one severely collimates the detectors (or 
uses mirrors) or one allows the detectors an unrestricted field of view 
and selects the shower arrival directions by another technique, e.g. the 
use of a third detector and timing coincidence. Since the simulations 
in ref. 1 were made for unshielded detectors we have used the latter 
approach in order to avoid cutting out Cerenkov light produced in the 
later stages of development. 

2. Techniques . Our system consisted of three 175 mm diameter 9623B 

photomultipliers ( PMT ) , each with a collimator to cut out background 

light beyond 45° from the PMT axis. Full details of the experiment will 
be published elsewhere. In the energy spectrum measurement, two of 
these detectors were used to record photon densities and were separated 
by 350 m. The third detector was offset by 100 m to enable a coinci- 
dence timing system with pre-determined pulse widths and delays from 
each detector to restrict air shower arrival directions to a well 

defined solid angle (0.32 sr) centred about the zenith. For the 

composition measurement the density detectors were moved to 100 m 
separation, and the third detector to 31 m. The pulse widths and delays 
were adjusted to give an acceptance solid angle of 0.29 sr. 

Calibrations were made throughout the night with a temperature 
stabilised green LED pulser mounted near the rim of the mechanical 
collimator to compensate for gain drifts. An absolute calibration of a 
blue LED system was made in the laboratory by comparing the PMT output 
with that due to a known flux of Cerenkov light photons produced by 
single muons passing through BK7 glass and has been described by Gregory 
et al 2 . This was used to calibrate the green pulsers in situ. 
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— — Observations. Initially, the fast PMT outputs were shaped by Ortec 
485 main amplifiers, and the pulse heights were sampled and digitized. 
The system was tested at the Buckland Park field station and moved to a 
better observing site at Alice Springs for observations in May/June 
Alice Springs is at an elevation of 540 m and, for comparison 
with the simulations which were made for sea level, the detectors were 
tilted at 20 to the vertical in order to see showers at the same stages 
of development as in sea level observations. The pulse from the offset 
detector was appropriately delayed to tilt the acceptance solid angle 
for air showers by the same amount. 

The results of this run for the May/June 1984 new moon period are 
shown in Fig. 1 by the open circles (details of the analysis are given 
below). With the rather slow electronics we were using, and the large 
field of view of the mechanical collimators, the results were subject to 
3 ^ uc lb u ating night sky noise component which became important below 
~3xl0 photons m . Estimates of the effect on the expected power law 
photon density spectra enabled approximate corrections to be made to 
these data and are indicated by the solid circles. 



Fig. 1. Differential photon density spectra observed with 
(a) the 100 m system and (b) the 350 m system. Observations 
made at Alice Springs are indicated by open circles and are 
subject to blasses due to night sky noise below ~3xl0 5 
photons m -2 . An approximate correction baaed on the 
characteristics of the system and an assummed night sky 
brightness of 6.4xlO n photons ro -2 s -1 sr -1 has been made 
and these corrected data replotted as filled circles. 
Observations made subsequently at Woomera are indicated by 
filled squares and are subject to blasses due to night sky 
noise below ~5xl()4 photons m" 2 (open squares). 


and are in excellent agreement with 
densities. At low photon densities, the 

corrected Alice Springs data except for * , w 

as open squares) which are affected by night sky noise. 


following the analysis 
of these observations, the 
electronics were redesigned 
around a LeCroy 224 9SG 
Integrating ADC and the 
mechanical collimators were 
extended to reduce the sky 
background. The acceptance 
solid angle of the system 
for air showers was also 
reduced (to 0.082 sr and 
0.11 sr for the 350 m and 
100 m systems respectively) 
so that the mechanical 
collimators did not obstruct 
any Cerenkov light from 
those air showers accepted. 
The net result of this was 
to reduce the night sky 
noise, thus allowing 

reliable measurements to be 
made to lower photon 
densities. The modified 
system was operated at 
Woomera (altitude 166 m, 
tilted at 10° to the zenith) 
during the March 1985 new 
moon period. The results 
from this run are shown by 
the solid squares in Fig. 1 
earlier runs at high photon 
results are consistent with the 
the lowest two points (plotted 
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4. Data Analysis. For each event, the digitizer outputs from the two 
density measuring detectors were read by the computer and converted to 
photon densities using the calibration results. The lower of the photon 
densities was binned in photon density on a logarithmic scale. During 
the readout and analysis, the system was automatically inhibited and was 
de-inhibited by the computer on completion of its analysis. This 
resulted in a dead-time of ~0.3 s per event. An internal clock recorded 
the live time. Although each event is accurately calibrated, the 
discriminator threshold varied during the run due to gain drifts and 
changing night sky brightness within the field of view. For each run, 
only events with photon densities well above the discriminator threshold 
were included in the final analysis. The acceptance solid angle was 
calculated from the pre-set discriminator output pulse widths and 
delays. Thus, for each run the exposure (live time x solid angle) and 
minimum acceptable photon density were determined. The data from 
separate runs were then combined to obtain the results shown in Fig. 
1. Our final result based on those data of Fig. 1 which were unaffected 
by night sky noise are replotted in Fig. 2. 



PHOTON DENSITY 0 (photons m 2 ) 

Fig. 2. Photon density spectrum data from Fig. 1 which are 
not subject to blasses due to night sky noise. Points with 
large error bars are also omitted for clarity. A power-law 
fit to the 350 m data is plotted. Upper limits to power law 
spectra above 1.6x10® photons in'” 2 are also plotted* 
Expected LOO m photon density spectra based on the cosmic 
ray energy spectrum obtained from the 350 m data are plotted 
for two extreme assumptions about the nuclear mass 
composition. 


5. Discussion. We can 

derive the primary cosmic 
ray energy spectrum from the 
350 m data independently of 
the nuclear mass compo- 
sition. The 350 m photon 
density spectrum data of 
Fig. 2 up to 10® photons 
m“ 2 are well fitted by a 
power law in photon 
density. The best fit is 
indicated in the figure and 
has a differential index of 
Y* = 2.7±0.2. Above 

1.6x10® photons m -2 ,no 

events were recorded, 

indicating a steepening in 
the cosmic ray spectrum, 
and la upper limits to power 
law spectra above this 
photon density have been 
plotted in Fig. 2 
for Ya ranging from 2.5 to 
3.5. Using Fig. 9(a) of 
ref. 1, which relates 


Yd, to Ye for different spacings, this corresponds to a spectral 
index ye = 2 ‘ 72 ± °* 2 for the cosmic rays* The cosmic ray energy 

spectrum in the energy range 3xl0 15 - 3xlO l6 eV (corresponding to 
10®— 10® photons m -2 for the 350 m system) may then be obtained directly 
with the aid of Figs. 8 and 9(b) of ref. 1 which relate photon density 
to primary energy and the absolute fluxes. The result is shown in Fig. 
3 where it is compared with previous measurements of the cosmic ray 
energy spectrum. Our result is consistent with the extrapolation to 
lower energies of the Haverah Park data if there is a steepening of the 
spectrum at ~3xl0 16 eV. Comparison with balloon and satellite data at 
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lower energies would 
indicate the presence of 
a "kneecap" . The Akeno 
data also indicate the 
presence of a kneecap but 
at a factor of ~3 to 5 
lower energy. 

For the cosmic ray 
energy spectrum we 
derived from the 350 m 
data, we can predict the 
photon density spectrum 
for the 100 m system 
assuming different 

nuclear mass compositions 
with no other adjustments 
being made. This has 
been done for two extreme 
assumptions, 100 % protons 
or 100% Fe-nuclei, using 
simulation results 

similar to those 

described in ref. 1 but 
appropriate to the 100 m 
system. The expected 100 
m spectra are plotted in 

Fig. 2 for comparison with the data. (Note that for the 100 m system, 
3x10 15 -3x10 16 eV corresponds to higher photon densities than for the 350 
m system.) Unfortunately, with the detectors moved apart to 100 m some 
sensitivity to composition is lost (all sensitivity is lost for 350 
m). Also, because of the relatively low power law index of the cosmic 
ray spectrum in this energy range the two curves are rather close 
together. Nevertheless, the data appear to favour a relatively light 
composition although a heavy composition is not ruled out. More data 
would be required to resolve this question. Whatever the composition, 
however, provided it remains unchanged down to ~10 15 eV, the 100 m data 
would indicate that the cosmic ray spectrum we derived between 
3xl0 15 and 3xl0 16 eV continues unchanged down to ~10 15 eV. 



Fig. 3 Primary cosmic ray energy spectrum measurements (see 
ref. 3 for key to data). Our result at 3xl0 15 -3xl0 16 eV is 
indicated and is subject to statistical and systematic 
errors each of about 10%. 
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STUDY OF THE COMPOSITION OF COSMIC RAYS WITH ENERGY .7<E<3. EeV 

Bal trusaitis, R.M., Cassiday, G.L., Cooper, R., Elbert, J.W., 
Gerhardy, P.R., Loh, E.C., Mizumoto, Y., Sokol sky, P., & Steck, D. 

Department of Physics, University of Utah, Salt Lake City, UT 84112 
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ABSTRACT 

The longitudinal shower development of EAS observed 
in the Fly's Eye is used to determine the distribution of 
X max , the depth in the atmosphere of the EAS maximum. 

Work in progress to compare data and Monte Carlo simulations 
of proton and iron primaries is described. Preliminary 
evidence is in favor of a substantial contribution from 
light primaries. 

1. Introduction. The overall longitudinal development of the EAS 
detected by the Fly's Eye(l) can be used to determine the depth in the 
atmosphere in gm/cm 2 of the EAS maximum X,p ax . The distribution in X max 
is in principle sensitive to the composition of the primary particles 
since iron nuclei and protons will give rise to X max distributions that 
peak at shallower and deeper depths and have narrower and wider widths, 
respectively. It also follows that a mixed composition will have a 
broader X max distribution than any single source. 

In what follows, we discuss the reconstruction of longitudinal 
shower profiles and the systematics of determining X max distributions 
and then discuss work in progress on Monte Carlo simulations, which 
include the details of the Fly's Eye acceptance, for pure protons, 
iron, and a mixed composition. 

2. Shower Size Measurement . A fit to the relative time of arrival 

of light to succeeding phototubes in the event-detector plane yields 
Rp, the impact parameter of the shower to the detector, and the zenith 
and azimuthal angles of the EAS. Measured values of optical gathering 
power, efficiencies and electronic gains and pedestals are used to 
convert photoelectron yields into apparent brightness, i.e., numbers of 
photons arriving at the detector from the source. This can be converted 
into intrinsic source fluorescent brightness after correcting for: (a) 

directly produced Cerenkov light beamed in the direction of the detector; 
(b) Cerenkov light scattered in the direction of the detector due to 
Rayleigh and Mie scattering; and (c) atmospheric attenuation of light. 

The details of these corrections are described in reference 1. The 
intrinsic fluorescence brightness can be translated directly into a 
shower size using the known nitrogen fluorescence efficiency. 

The Cerenkov light production model, and in particular, the 
dependence of the Cerenkov light intensity on emission angle has been 
checked by using a sample of events seen by both Fly's Eye I and Fly's 
Eye II, a smaller station situated 3.3 km from Fly's Eye I. We find 
good consistency in size estimates of sections of EAS viewed 
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simultaneously at different emission angles by the two eyes. 

The size versus depth distributions are fitted with a Gaussian 
form and the X inax and energy of the event determined(l) . The Gaussian 
form fits most showers well . Figure 1 shows a typical shower profile. 

3. Systematics of 
“Shower Maximum Distri - 
butions The absol ute 
depth of X max is 
the parameter most 
sensitive to 
systematic errors of 
any that we measure. 
Symmetric random 
errors in the zenith 
angle, e z , result in 
non-symmetric errors 
in X max . Symmetric 
errors in Rp also 
yield non-symmetric 
errors in X max 
because of the 
exponential atmo- 
spheric density 
distribution . 

There is also an 
intrinsic correlation 
between X fflax and the shower energy. Showers whose reconstruction 
err to smaller R p and larger e z will have systematically deeper 
X max and small er estimated energy while errors that lead to larger 
Rp and smaller e z yield smaller X max and larger energy estimates. 

This is a direct consequence of random errors and the exponential 
nature of the atmosphere. Any additional systematic bias in e z or 
Rp will shift the X max distributions accordingly. 

To reduce these effects to a minimum, we consider events 
that are very well reconstructed, with R p >2.0 km, projected track length 
>50°, SRp/R p < .1 , Se z <10° and relative uncertainties in Gaussian 
width, X^ ax , and energy of <.4. These cuts also have the effect of 
reducing the Cerenkov subtractions to a level where 50% variation in 
the Cerenkov light model parameters do not significantly affect the 
X ma x distributions. Since any residual reconstruction bias will 
affect data near the tails of the energy distribution, we cut on .7<E<3 
EeV, around the maximum of our energy acceptance. We believe residual 
systematic effects in this data sample will produce less than a ± 50 
gm/cm 2 shift in the average X max . We note that the width of the 
X m ax distribution is much less sensitive to systematic errors . We 
estimate the systematic error in the width to be ± 10 gm/cm 2 . The 
resultant distribution in X max is shown in Figure 2. The average 
Xmax for this sample is 730±60 gm/cm 2 while the width (standard 
deviation) is 120±40 gm/cm 2 . 



Figure 1 


Typical 

Profile 


Longitudinal Shower 



168 


OG 5.1-7 


4. Monte Carlo 
Generation 
Proton and 

iron induced showers 
are generated in a 
Monte Carlo program 
with the following 
input. Protons 
are assumed to obey 
Hi 11 as pure scaling 
with the only scale 
violating effects 
being rising cross- 
sections as 
parameterized by 
Gaisser and 
Yodh(2). The mean 
inelasticity is 
assumed to be .5 . 

For the case of 
iron primaries a 
superposition model 
is assumed. The 

Monte Carlo follows hardons and electromagnetic particles down to 
l/30th of the primary energy after which parameterizations of shower 
development are used. We use these showers to predict the number of 
photoelectrons and relative time delays observed in the detector and 
generate fake events which are then passed thru the same reconstruction 
and analysis programs as the real data. This work is in progress but 
preliminary indications are that the depth of maximum distribution for 
heavies is substantial ly narrower than that for protons. It is 
important to note that comparing the observed X max distributions to 
theoretical predictions without taking into account the details of 
detector response can lead to misleading conclusions. 

5. Conclusions. Although we are not yet ready to quote quantitative 
comparisons between the data and Monte Carlo simulations, preliminary 
evidence based on comparisons of the widths of the X m ^ x distribution 

to Monte Carlo is in favor of a substantial contribution from light 
primaries to the cosmic ray composition at these energies. Detailed 
comparisons will be forthcoming. 

6. Acknowledgements. We gratefully acknowledge the United States 
National Science Foundation for its generous support of this work under 
grant PHY8201089. 
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Figure 2 . Distributions of X max in 
gm/cm 2 . 
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THE MOON CONTENT OF EAS AS A FUNCTION OF PRIMARY ENERGY 

P. R. BLAKE, W. F. NASH, M. S. SAICH and A. J. SEPHTON 
University of Nottingham, England. 


1 • Introduction At Haverah Park the muon content of EAS has been 
measured over the wide primary energy range 10 16 to 1(J eV. At the 
Bangalore Conference it was reported (Blake et al, 1983) that the 
relative muon contey^ of E^gj decreases smoothly [~< p(600 m) ‘® 4 ) over 
the energy range 10 - 10 eV and therefore concluded that the 

primary cosmic ray flux has a constant mass composition over this 
range. In the same paper (on the basis of a preliminary analysis) 
it was also reported that an apparent significant change in the 
power index occurs below 10 eV [ p (250 m) . Such a change 

would indicate a significant change in primary mass composition in 
this range. 

Further anaj^sis confirms the earlier conclusions concerning EAS of 
er.^ggy _> ^ eV. However post- Bangalore analysis of data in the 
10 - 10 eV range revealed a previously overlooked selection bias 

m the Bangalore data set. This paper presents the full analysis of 
the complete data set in the energy range 10 X - 10 1 eV with the 

selection bias eliminated. 

2. Methods Three 10 m 2 muon detectors ( •» 400 MeV threshold) were 
operated in conjunction with the deep water Cerenkov tank array 
(operated by the University of Leeds EAS group) at the Haverah Park 
site. Two of these muon detectors were immediately adjacent to 
large area water Cerenkov detectors, enabling a direct measurement 
of the ratio of the muon response to the water Cerenkov response 
( P M / P c ) to be made. The water Cerenkov response ( P ) is dominated 
at low core distances by the electromagnetic response. The directly 
measured ratio (p/p ) has the advantage of not being very sensitive 
to EAS parameters and therefore not sensitive to any inaccuracies in 
determining these parameters. 

, 3 ‘ .-?.g,. sults _JlQ_. ~ 10 eV) The basic problem in establishing an 

accurate determination of the muon content over a large primary 
energy range arises from the measurement technigue. Inevitably in 
most arrays (including the Haverah Park array) the core distance 
range covered is a strong function of primary energy (or shower 
size). The ratio (P /P ) itself will be a function of core distance 
and thus direct determination of p / p at a specific core distance 
is limited to a small ^range of prifiary energies. If a relationship 
of the form p = k is adopted, k can normally be regarded as 
constant at a particular core distance (R) ,• the power index 
(normally 0.94) may be a function of core distance and shower size. 

A core distance dependence would arise if the lateral density 
distributions of p or p significantly change with shower size. 
Measurements indicate that the lateral distribution of p is 
unchanging at energies > 10 b eV. However the lateral diitribution 
function of the electromagnetic component (and therefore p ) does 
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show some change as the electromagnetic cascade maximum penetrates 
more deeply into the atmosphere as E increases. Thus in 
determining the exponent 'a' it is sensible to limit the core 
distance range to as small a core distance interval as is 
statistically feasible. 


The available experimental data were divided into three overlapping 
intervals of core distance:- 50 m £ R < 150 m; 100 m _< R £ 200 m; 
and 150 m £ R £ 250 m. The data were further subdivided into four 
sec 0 intervals 1 1 . 1 -*1.2 1 . 3 ^1.4 and six shower ' log ' size 

intervals. The data were then used to calculate the mean measured 
muon and water Cerenkov responses at R = 100 m, 150 m and 200 m. The 
results for 1.0 < sec 0 < 1.1 are displayed in Table 1 & Figure 1. 

Clearly the p /p 
ratios change^ C 
smoothly over 
this decade of 
primary energy. 

Table 2 shows the 
best fit values 
of a obtained 
from linear 
regression fits 
on the 

relationship p = 
kp for all cne 
R and sec0 
intervals . 



FIGURE 1 
distances . 


Measured p versus measured p at three specific core 
M K c 


R 


/m 2 
P 1 50 

N 

/m 2 

+ Ap 
- M 

/m 2 


+ Ap /p 

— [X c 

100 

m 

1.23 

2466 

0.560 

0.011 

3.306 

0.169 

0.003 



1.81 

2362 

0.805 

0.017 

4.833 

0. 167 

0.004 



2 . 66 

1793 

1 . 188 

0.028 

7.091 

0.168 

0.004 



3.90 

1106 

1.664 

0.030 

10.586 

0. 157 

0.003 



5.73 

529 

2.430 

0.11 

15.841 

0.154 

0.007 



8.41 

234 

3.764 

0.25 

24.209 

0. 155 

0.010 

150 

m 

1.23 

2040 

0.306 

0.007 

1.333 

0.230 

0.005 



1.81 

2303 

0.432 

0.009 

1.915 

0.226 

0.005 



2.66 

2065 

0.634 

0.014 

2.773 

0.229 

0.005 



3.90 

1397 

0.930 

0.025 

4.119 

0.226 

0.006 



5.73 

820 

1.301 

0.045 

6.239 

0.209 

0.007 



8.41 

378 

2.025 

0.104 

9.907 

0.205 

0.010 

200 

m 

1.23 

904 

0.179 

0.006 

0-648 

0.276 

0.009 



1.81 

1335 

0.272 

0.007 

0.979 

0.278 

0 . 007 



2 . 6,6 

1540 

0.368 

0.010 

1.438 

0.268 

0.007 



3.90 

1287 

0.584 

0.016 

2.098 

0.278 

0.008 



5.73 

886 

0.809 

0.027 

3.255 

0.249 

0.008 



8.41 

470 

1.255 

0.058 

5.141 

0.244 

0.011 
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Table 1 (previous page) Mean muon (p ) and water Cerenkov pT 


(R) and shower 


densities as a function of c8re distance 
size (p ) - 1.0 _< sec0 <_ 1 . 1 . 

[ P 1 50 ■*' S water Cerenkov response in vertical equivalent 

muons at 150 m from the EAS axis. N = no. of EAS used in 
the analysis] 


R 

Sec0 

1.0 - 1.1 

Sec0 

1.1 - 1.2 

Sec0 

1.2 - 1.3- 

Sec0 

1.3 - 1.4 

100 m 

0.95 (0.01) 

0.92 (0.02) 

0.90(0.02) 

1.01 (0.04) 

150 m 

0.94 (0.02) 

0.95 (0.02) 

0.99 (0.02) 

0.99 (0.06) 

200 m 

0.94 (0.02) 

0.94 (0.03) 

0.93 (0.08) 

0.90(0.05) 


Table 2 Values of a in the relationship p 
R and 0. 



as a function of 


Clearly, at least for low zenith angles, an average value of a = 
0.94 fits the data well in the core di^gance range 50 m -*■ 2^ m and 
over the primary energy range 1.6 x 10 eV < E < 1.6 x 10 eV. 


4 . Muon^onten^-g lO 


16 


19 

- 10 eV 


Data acquired in the primary energy 
range 10*' - 10*“ eV from the infilled 500 m detector array at 
Haverah Park enables p (200 and p (200 m) to be determined for 

the decade of energy afeove 10 eV. ¥he resul^g are jotted in 

Figure 2 which shows the complete data from 10 - 10 eV. 


E P teV) 

10’ 6 10 17 10 M 



FIGURE 2 


Measured p vers 
approximately 10 


p at 200 m over energy range 
- C 10 eV. 
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It is clear that a relationship of the form p (200 m)ap c (200 m) 
fits smoothly and well over these two decades^of energy. This 
implies a smooth gradual change in the height of the electromagnetic 
cascade maximum throughout these two decades. 


Thus the muon data yields strong eviden^g that |.^ere is no marked 
primary mass change occurring in the 10 to 10 eV region as has 
been suggested. If there is a significant change in primary mass, as 
suggested by Chantler et al (l^g3) , then the muon density would be 
approximately 50% higher at 10 ib eV than is measured leading to a 
value of a ~ 0.8 [Blake et al, 1983]. Such a low value of a is 
clearly incompatible with the measured data (see Figure 2). 

17 18 1 8 

Comparison of the 10 to 10 eV decade with energies above 10 eV 

has been carried out at a core distance of R = 600 m. In this 

region the data and conclusions remain unchanged since Blake et al 

(1983). Again the observations yield a^gmooth and normal change in 

muon content in the range 10 eV to 10 eV, implying no 

significant primary mass change over the energy range. 


5. Discussion and Conclusions The results presented above lead to 
the conclusion that the muon content of EAS (relative to the water 
Cerenkov response) decreases smoothly in a constant manner at 
primary energies above 10 16 eV and therefore suggest a constant 
primary mass composition in this energy region. A direct and 
constant relationship between the primary mass energy (E ) and the 
water Cerenkov response p (R) is assumed. The water Cerenkov 
response at 500 m core distance, p (500) , [or at 600 m,p(600)] is 
used as the shower size parameter at Haverah Park for energies > 

10* eV and the relationship between p (500) and E is of thg ^ rm E p 
= 3.87 x lO^IplSOO)] [HILLAS, Model A]. Thfis P “ P c ' 

implies p ccE at 500 m from the EAS axis. 

P P 

Assuming therefore that this result does indj.gate a constant primary 
mass composition at energies greater than 10 eV it does give 
strong support to the results from other studies of muons in EAS at 
these energies. The Akeno group (Nagano et al, 1984) find that tljig 
size spectra for both electrons and muons are unchanging above 10 
eV. Thus any change from heavy primary nuclei ty^a light mass 
composition flux must occur at energies below 10 eV. 
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ON THE POSSIBILITY OF DETERMINING THE AVERAGE MASS COMPOSITION 
NEAR 10 14 eV THROUGH THE SOLAR MAGNETIC FIELD 

J. Lloyd-Evans* 

NASA/Goddard Space Flight Center, Greenbelt, MD 20771 

ABSTRACT 

The discovery of primary U.H.E. gamma-rays has spawned plans 
for a new generation of air shower experiments with unprece- 
dented directional resolution (< 1°). Such accuracy permits 
observation of a cosmic ray "shadow" due to the solar (and 
lunar) disc. Particle trajectory simulations through models 
of the large scale solar magnetic field have been performed. 

The shadow is apparent above 10“ eV for all cosmic ray 
charges (Z( < 26; whereas, at lower energies, trajectories 
close to the Sun are bent sufficiently for this shadow to be 
lost. The onset of the shadow is rigidity dependent, and 
occurs at an energy per nucleus of ~ Z x 10“ eV. The 
possibility of determining the average mass composition near 
10 14 eV from 1 year's observation at a mountain altitude 
array is investigated. 

1. Introduction . A challenge, proposed as a comment by Clark [1], to 
observe a narrow angle shadow in the cosmic ray flux due to solar and 
lunar absorption has not been taken up by air shower experiments. The 
reason is clear; for a statistically significant (> 3 o) deficit from the 
Sun or Moon, the whole-sky event number to be registered (assuming 1 sr 
exposure) is~ 3.10 6 x de^/f (d9 = semi angle of directional resolution 
(degs); f = 0.1, is the duty cycle for observing the Sun or Moon). 

Thus, with current resolution (typically de ~ 2° ) ~ 10° events are 
required. However, the discovery of primary U.H.E. y-rays has spawned 
plans for a new generation of air shower arrays with unprecedented 
directional resolution [2,3]. It may be possible [3] to obtain 
d0 ~ 0.5°, so that with a reasonable trigger rate of ~ 0.2 sec"*, 
observation of cosmic ray shadows would be possible in 1 year's 
integration time. 

The Moon acts as a 'passive absorber' at all air shower rigidities 
(> 10“ eV/nucleus) since the effect of geomagnetic fields are 
insignificant above TeV energies. The directional resolution of air 
shower arrays is notoriously difficult to estimate; the lack of 
calibration point sources has resulted in reliance on calculations of 
the cumulative effects of numerous experimental limitations. 
Consequently, observation of the Moon's shadow will greatly aid the 
search for potential U.H.E. sources. 

That the Sun is an 'active absorber' (i.e., the shadow is rigidity 
dependent) in the air shower regime can be seen simply. Above an energy 
where the particles' gyroradii are comparable to the solar radius, a 
narrow angle shadow cannot be observed. Putting B ~ 1G, r g ~ 


* Also University of Maryland, Department of Physics and Astronomy 
College Park, MD 20742 
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7 x 10 3 * * * * * * 10 * * * cm and adopting the high energy limit (rigidity a total 
energy/z) the loss of a shadow is expected for energies of order z x 
2.10^ eV. If the rigidity dependence can be modelled accurately, we 
have the possibility of using the large scale solar magnetic field as a 
crude magnetic spectrometer [4]. 

Here, we consider a simple model for the field within 1 A.U. and 
calculate trajectories of particles with arrival directions within 1° of 
the Sun. The discriminating power of the technique for charge reso- 
lution near 10 14 eV is estimated, and limitations due to field 
approximations are discussed. 

2. Method. Application of the potential source surface technique [5], 
and the 'garden-hose* field topology [6] have been very successful in 
interpreting the measured ecliptic field topology near 1 A.U. [7]. We 
consider a simple potential source surface at 2 Tq, and extend the field 
to 1 A.U. using Parker's equations [6] with n = 2.7 x 10"° and V = 

400 Km s~l. Fluctuations are imposed by adding a component of equal 
magnitude at an angle of |de|r.m.s. = 20° over a scale length of 1 rg. 

A 4 sector structure is also imposed, with the field direction reversing 
across the sector boundary. 

Particle trajectories are computed by step-wise numerical inte- 
gration of the equations of motion, with the particle's constant 
velocity as a constraint. The calculations have been checked by 
examining the circular orbits of particles fired perpendicular to 
uniform fields. The step-length is the smaller of (a) 10"^ x gyro- 
radius or (b) 10" 2 r 0 . A step-length 10 x smaller results in negligible 
trajectory differences. Negatively charged particles are fired back 
from the Earth within a ~ 1° cone centered on the Sun. Trajectories are 
followed until they either intercept or miss the solar surface. Two 
thousand five hundred trajectories are computed over the acceptance cone 
for each field configuration and rigidity. 

In Figure 1, the proportion of events within the cone which 
intercept the Sun is shown as a function of particle total energy for 
proton and Fe primaries (Model II). For comparison, the results for a 
simple dipole field, with no fluctuations, are also shown (Model I). 

3. Discussion. It must be emphasized that: (1) the 'saturation 

obscuration 1 (in this case 18%) and zero obscuration are model 

independent, depending solely on the air shower array's field of view 
(in this case de = 0.6°); (2) the separation of nuclear species is model 

independent, being a Z; (3) as indicated in Figure 1, the energy at 

which the shadow appears is very model dependent. In particular, the 
magnitude and scale length of the field within ~ 5rg are of paramount 
importance. Model II may considerably underestimate the field magnitude 

within 2r n , but overestimates the scale length. We believe there is a 

factor of~ 5 uncertainty in the energy at which the shadow appears, and 

that Model II is a reasonable lower limit to the transition energy. 

In Figure 1 the rise-energy (over which the obscuration rises from 

10 to 50%), E 50% , is - Z x 5 TeV , and E go% ~ Z x 18 TeV (or, as a 

fraction of E 5Q : AE 5Q ~ 0.49, AE 9Q ~ 1.9). These two parameters would 

be severly underestimated (and hence the power to discriminate 
between composition models curtailed) if (a) the field of view was 
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underestimated or (b) large, unknown, variations in the average magnetic 
field strength occurred over a 1 year timescale. Possibility (a) is 
removed by normalizing the saturation obscuration to that for the Moon 
(see Section 1). The global magnetic field varies by ~ x 3 near the 
photosphere through the solar cycle and by 20-40% at 1 A.U [8]. Thus, 
long term monitoring of the photospheric fields, currently undertaken, 
is required to minimize the effects of (b). 

The values AE^, AE 
simple impact parameter 

parameters within the field of view which penetrate the solar surface, 
we obtain AE™ = 0.45, AE qn * 1.5, in close agreement with those 
determined above. u 

To investigate the mass resolution of the technique, we show the 
predicted transition for two models of the mass composition in the 
10 iJ eV to 10 15 eV decades in Figure 1. Curve (B) has an energy 
dependent, fractional composition (p: a: CNO: 10 < Z < 20- Fe) of 
(40-15 log (E/TeV): 15: 15: 15: 15 + 15 log(E/TeV) %) , and curve (A) of 
(45-2.5 log(E/TeV): 15: 15: 15: 10 + 2.5 log(E/TeV) %). These models, 
though simple, are chosen to represent extreme bounds on the contro- 
versial variation in compositon (see, for example refs. [10], [11]). 

The energy window for composition discrimination lies near 10^ eV, 
and a statistical precision of <3% is required to choose between 
models. We conclude that this technique only becomes attractive if 
the transition energy has been underestimated by >x 5; then a high 


90 can be 
approach 


compared to those calculated by 
[9]. Averaging over all imoact 
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statistics experiment (~ 1 sr - * s“* for 1 year) could explore the less 
well known 10^-10^ decade. 

Future work will incorporate more reasonable field topologies 
within 5r 0 to obtain the transition energy with greater precision. 

4. Conclusions. The planned U.H.E y-ray arrays can calibrate their 
directional resolution from observation of a cosmic ray shadow centered 
on the Moon. A solar shadow will also exist above ~ 10 lb eV/ nucleus. 
Trajectory simulations within a first order approximation to the solar 
magnetic field indicate that this shadow is rapidly lost below ~ Z x 
10*3 eV> unless the directional resolution of arrays can be improved 
still further, or a substantial underestimate has been made in the 
transition energy, the possibility of distinguishing between composition 
models in the 10*^-10 15 eV decade is remote. 
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A New method to determine the Chemical Composition of the 

. 15 

Cosmic Rays beyond 10 eV 


Y. Muraki 

Inst, for Cosmic Ray Research, Univ. Of Tokyo, Tanashi, Tokyo 

abstract 

The chemical composition of primary cosmic rays beyond 
15 

10 eV could not be measured by the direct method. Here 

I would like to propose more sensitive method to determine 

the chemical composition. The idea has been checked by the 

simulation and compared with the exsisting data concerning on 

N -N and N -N 
e p e y. 

The simulation will be also cmpared with the experimental 
results coming from ANI experiment in a near future. 
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15 17 

Cosmic Ray Composition between 10 to 10 eV obtained by 

Air Shower Experiments 

Y. Muraki 

Inst, for Cosmic Rays, Univ. of Tokyo, Tanashi , Tokyo 188 

abstract 

Based on the air shower data, the chemical composition 

15 17 

of the primary cosmic rays in the energy range 10 -10 eV 

has been obtained. The method is nased on a well known 

N -N and N -N . Our simulation is calibrated by the 
e p _e y J 

CERN SPS pp collider results and very reliable. 

1. Introduction and Model 

When the first pp collider results from CERN has reported 

in the end of 1981, we have started a Monte Carlo calculation 

with the use of the data on the, nuclear nuclear interaction. 

The first result has been already published in a proceeding 

of the Bagalore conference and the simulation model is described 

in detail therin^ , however, here we describe briefly the 

1/6 — 2 

simulation model : <n> « E J " / , a. « (lni/s) , K/tt^ 0.15, 

s o to t 

<P£ ^0.4 GeV/c and no energy dependency. The effect of 
geo-magnetic field and the scattering in the air have been 
taken account of. 

2. Transition Curve 

The transition curve of the electron number N is shown 

e 

in Fig. 1 as a function of the altitude. • and X represent 

the proton and iron primaries respectively with the same 

1 6 

incident energy E q = 2 x 10 eV. The error bar implies 

the region of 90% air shower involved, while • and X represent 

the mean value. 
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Fig. 1 Transition curve for proton (o) and iron(X) 
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3. N^ -N ^ plot and Trigger Bias 


It is interesting to compare present result with the 

2) 

previous calculation by Jogo . Our result of protonf ) 

primary fits well with the result based on CKP model for 
proton promaries rather than sacling model with iron primaries 
calculated by Jogo. However we must take account of the 
trigger bias involved in the data taking. As shown in Fig. 
3, even if the composition of primary cosmic rays could be 
90% iron(x) nad 10% proton (•) beyond lO^eV, it is identified 


as proton dominant by the N g trigger. 


To avoid such a 


misunderstanding, trigger is preffered. 


Fig. 2 N -N plot 


Fig. 3 Trigger bias (*)P,(x)F 
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N^. -N r Trigger Data 


-e- 

Fig. 4 represents N e ~N^ contour plot by N q trigger. 

In a range of N 2 10^, no trigger bias is observed even if the 

6 3) 

data have been taken by N g trigger 

In the same N -N plot of Fig. 4, we draw the line with 
. e r 

the same incident energy for various kind of primaries (Fig. 5). 
The highest peak of the contour corresponds to the size s=l.l. 
The corresponding size for each primary is s=1.0-1.2 for proton 
, s=1.2-1.3 for He, s=l. 3-1.4 for CNO, and s=1.4-1.5 for iron 




the same incident energy 
line is draton by line, 
the same age is repre- 
sented by the dotted 
lines . 

(data from Ref. 3) 


Note added ; above logic 
holds even if the primary 
composition is 90% F e + 

! 10 % P. We assumed peak 
corresponds to proton. 
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FLUCTUATIONS OF DEVELOPMENT MAXIMUM DEPTH AND 
NUCLEAR COMPOSITION OF PRIMARY COSMIC RADIATION 


M.N.Dyakonov, A. A. Ivanov, S.P.Knurenko, f D . D » Krasilnikov] 
V.A.Kolosov, I.Ye.Sleptsov, G.G.Struchkov, V.N.Pavlov 


Institute of Cosmophysical Research & Aeronomy, 
Lenin Ave., 31 677891 Yakutsk, USSR 


ABSTRACT 

The EAS cascade curves from the Cerenkov 
light lateral distribution measurements 
are recovered and the maximum depth 
fluctuations of the shower development 
6X m both on the Cerenkov and charged EAS 

components are defined. At E Q ~10 “eV the 

mean content of protons is greater than 
S>3%, and p-air cross section ^p_ a i r - 750 mb. 


1. Method . The lateral distributions of the EAS Cerenkov 
light Q,(!R) in the interval of the core distances R = 20 
1500 m.and in a wide range of primary energies E = 8.10 D + 
1,5.10l°eV on the EAS Cerenkov light observations at the 
Yakutsk array for 1970-1983 axe analyzed. In Fig.1 the ave- 
rage cascade curves of the EAS electrons N (X) recovered 
from Q(R) by the method [1] are presented; Errors of N e (X) 

due to the measurement errors of Q(R) , the uncertainty of 
the angular distribution function of the electrons in part- 
ial showers [2j and aerosol distribution in atmosphere [3] 
are shown by dashes. 


2. Results . Dependence of the average depth of ma x i mu m X^ 
on E„ is as follows: *a 

0 X^ = (720±16) + (73±l4).lg(E 0 /lO ltt ) (1) 


It is the main not only for a choiceof the EAS development 
model (here and further we shall mean by it a choice of the 
multiplicity law and the energy spectrum of secondary par- 
ticles) but also for the determination of the energy depen- 
dence of hadron-air cross section and of nuclear composition 
of primaries. 

The cascade curves presented in Fig.1 and described by 
the gamma distribution allow to obtain the total energy E em 
of the EAS electron-photon component on the energy dissipa- 
ted by electrons over the observation level X Q . 

^ EM ~ T 0 ^ ^ + ^’5 ( X m/X 0 ,) 6 • N e (X)dX , £2) 

where is critical energy and t 0 is a unit of radiation 
length in the air. x 

From analysis of relations E em /E and N g ( X m ) /N q ( X^- 300 ) 


we find out that the Landau hydrodynamic model with the 
multiplicity law of secondary particles n g oc Eq' 3 and with 
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normal law of their rapidities corresponds the most to the 
experiment. This model also better agrees with experimental 
energy-dependent fluctuations in X : 

= (66±4) - (12±2) * lg(E o /l0 18 ) (3) 

The dependence (3) is obtained by data of 980 shower events 
on a slope of the lateral distribution function (LDF) of 
charged particles (black triangles in Fig.2)and by 150 
events on the recovery methods N (X) on Q(R)( open squares). 
This dependence slightly differs e from our earlier results 
[4] owing to more correct account of measurement errors and 
increase of the EAS statistics. For the comparison in Fig. 2 
the expected dependences 6 X m on E q are presented for the 

models HDM and MFM. The latter one has n oc lhE and almost 

o Q 

constant energy spectrum of secondary particles in units of 
rapidities. Nuclear composition of primaries was taken in 
the calculation as consisting of protons and nuclei of the 
group VH(A = 51) in different ratios determined by the mean 
mass number <A>. Such mass composition at fixed <A) gives 
the largest values of the depth of maximum and its fluctua- 
tions in comparison with any other composition of primaries. 
Therefore at fixed E and. the EAS development model the low 
boundaries of errors°of and give the upper estimation 

<A> and Cp_aj_ r * An alternative possibility is monochromatic 

nuclear composition of primaries which leads to the smallest 
meanings of X m and (A> • 

3. Discussion. In Fig. 2 a different character of the depen- 
dence 5^ on E 0 for HDM and MPM at the same meaning 

dVaisE,, » ER is explained, by the factthat both models 

preliminarily were reduced to the same = 720 g.cm at E= 

= 10^ 8 eV by the variation <A). Therefore the composition 
on MFM with the increase of E q changes from the enriched he- 
avy nuclei (<A)^40) to more mixed one and the fluctuations 
increase. And on HDM the composition from more mixed (<A)c^6) 
becomes a purely proton one and decreases. The opposite 

character of the dependence & on E 0 according to the MFM 

model at various meanings of ER is caused by the fact that 
at (ER)calc. < (^^exp. one should enrich the nuclear compo- 
sition by heavy nuclei and otherwise - by protons. And only 
at absolute equality ( ER ) ca ]_ c = (-^^exp tiie com P osi ‘ fc i° n 

must not change with energy. Obtained on (3) is in fa- 

vour of the increase of the interaction cross section with 
energy and high values of ER / d6^/dlgE p / evidence the en- 
richment of the nuclear composition by protons with the in- 
crease of E , i.e. d(A)/dlgE 0 < 0. 
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In Fig. 3 the dependences X^ and <5^ on <A> for various 

meanings of p-air cross sections are presented.*. Here by se- 

and <5 y^ 

are combined into the dashed region which allows to localize 
those meanings <^p- a jr 311(1 which satisfy the measure- 
ments (choice of meanings of these parameters is shown in 
the bottom in Fig* 3) 

Thus, if the Landau hydrodynamical model is realized 
then according to our measurements the mean content of pro- 
tons in the primary cosmic rays is greater than. §3 % and 
p-air cross section 6 ^ D .„ £ 750 mb at E rt * 10'°eV. 


lection of the scale the experimental data on X 



Fig.1. Cascade curves of development 
of the EAS electrons. Points indicate 
locations of the maximum depth of the 
EAS development. 
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Fig. 2. 

Dependence of fluctuation 

value dr of the shower 
-a-m 

development maximum depth 
on the primary particle 
energy. (Triangles and 
squares are experimental 
data, lines - calculated 
values. Figures near the 

curves are dX /dlgE . 

m ° o 



1 10 20 30 40 50 


</*> 

Fig. 3. Dependence of the mean value X m and <5 x m 

on the mean atomic weight of the primary ensemble. 
Dashed region is the region of measured values 
X m and 6% with errors. Dashed, dotted and dash- 
dotted lints show the calculation for C'p-aip = 

= 460, 660 and 840 mb, respectively. Values <A) 
and which satisfy the experiment are de- 

termined by a solid line. 
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ESTIMATION OF COMPOSITION OP COSMIC RAYS 
WITH E Q «* 10 17 - 10 18 eV 
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ABSTRACT 

Fluctuations of the shower maximum depth obtained 
from analysis of electron and muon fluctuations 
and the EAS Cerenkov light on the Yakutsk array 
data and data of other arrays are considered. On 
the basis of these data the estimation of compo- 
sition of primaries with E Q = 5.10 17 eV is re- 
ceive. Estimation of ^ -quanta flux with E o >10 17 eV 
is given on the poor-muon showers. 

1 • Introduction . In £l] the elongation rate theorem for 
any parameters P = £(X m ) registered at observation level X 


was obtained: 

ER = (3P/8lgE o ) x /(0P/3x) B , (1) 

ER = (X m /X) ( 9 P/ 9 lgE 0 ) x / ( 9 P/ 3 X) E (2) 

o 

From here it follows: 

- ce>p) z /(3p/3x) E , ( 3 ) 

gotj - (x m /xn6j) x /( 9 p/3x) e (4) 


Formulae (1) and (3) are used when P = P(X - , (2) and 

(4) - for parameters P = P(X m /X). 

2. Experimental ^(X^) and ER. When estimating ER and 

^ from ’ t3ae lateral distribution function (LDF) of the 

EAS Cerenkov light it is necessary to use (1) and (3) £2j • 

Let's introduce the LDF for R = 200-600 m as Q~R“ I1 Q . 
According to our data we obtain (9 ng^/ 0 sec 0) E = 1. 9+0.3* 

( 3 kq / 9 lgE Q ) x = 0.13+0.02 and ^ (ng^ = °» 12 3+0«018. 

Corresponding to them the meanings ER and €> (X m ) are given 

in the Table. 
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Formulae (2) and (4) are 
used in the case of LDF of 
charged particles. At the 
Yakutsk array the IDF 
approximation as 

$ (R)~ (R/70)"" 1 (1+R/70)" b 

is accepted! (9b/3lgE 0 ) x = 

G. 16+0.05; (9b/9sec0 k, = 

“ "0 

1.8+0. 4; ^(b) x =0.2+0.02. 

On data [3] for 


fable 


E, 


5*10 17 eV the = 


are given in the fable. 

Analogous estimations 
of £R and 6* u m ) follow 

from analysis of ratios of 
the EAS Cerenkov light 
density to electrons 
lg(Q/p e ) and electrons to 

muons with i aev is($> e /f M ) measured at R = 
a shower core (fable). 


Parameter 

ER 


Work 

n Gl 

70+17 

66+18 

our 

b 

61+28 

78+30 

_h_ 

lsCQ/j> e ) 

64+17 

60+20 


ie<$V93 

70+22 

71+30 

_n_ 


79+18 

60+16 

[4] 

f 70 ^ 

73+23 

78+22 

[41 

LDP(j> c ) 

79+14 

71+6 

[5] 

S/2 ( P c } 

70+5 

60+4 

[5] 

^ 1 / 2 ^ 

45+17 

60+12 

[6] 

LDF(Q) 

- 

69+14 

[7] 

Average 

68+6 

68+6 

mm 



300 m from 


3. Estimations of Composition , fo estimate the composi- 
tion of primaries we use average <ER> and <^(X [n )> from 

the fable. In [ 8 ] it is shown that based upon superposition 
principle for any 2 mixed composition <wtA> =£w'i «i At and 

for dispersion 6^,4 = "LWiClriAi- <tn A >) 2 we have: 

^ (Xm)-^faA> + 0<^P + C 2 )^fr,A> 


where 6 ?p*and are fluctuations 

of Xjjj at proton or any other pure 

composition with atomic number< Iftbi 

EnA>). 

We accepted K = 0.15, C = 0.43 <ER)= 

29+4 g/cmf ^ p = 56 and 71 g/cm 2 . 
Calculation results are shown in 
Fig.1. fhe region limited by dashed 
lines corresponds to experimental 
values <€>C£ m )> a 68+8 g/cm 2 . 

It is seen that the experiment 
contradict the composition of 

the primaries at E Q 5 .- 10 17 eV 

only from heavy nuclei or the 
mixed composition with large 


75 |= < 

.In exi»er. 

^ 



4 <M> 


Pig.l 
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Fig. 2 

• 


content of heavy nuclei. 

In Fig. 2 experimental 
fluctuations of muon number 
N^(^1 GeV) taken into account 
of instrumental errors are 
shown. The calculations on the 
models [3] for our experiment 
are shown by lines. The mixed 
composition of primaries in- 
cluded* 31% - A=1 , 22% - A=4, 

12% - A=1 4, 21% A=31 and 14% - 
A=51 ( <ln A> = 1.88). The 
cross section of inelastic pro- 
cesses were used as in r 9 j • 

Fluctuations of X^ in showers 
from primary nuclei were found 
according to the superposition 
principle. Experimental mean- 
ings of X m are taken from [33 • 

As before the experiment contradicts the composition 
only from the heavy nuclei but the expected fluctuations at 
mixed composition are smaller than the measured ones. Agree- 
ment at mixed composition will be if to account cross sec- 
tion growth 1.5 times slower than it is in W • 

4. T -quanta . In [10] experimental results of the muon 
component measured at the Yakutsk array by 3 underground 
scintillation detectors with total area 108 m^ and with 
1 GeV threshold are presented. Each detector consists from 

6 sections with the area 6 m 2 each. 1000 showers with 0^45° 

and effective registration area 3»7*10 3 m 2 for 14000 hours 
were selected. 

The whole massif of the showers for anomalously small 
content of muons is analyzed. In Fig. 3 one event which has 
the measured muon number 12 times lesser than the expected 
one (4,6€> deviation) is shown. Such a deviation cannot be 
explained by any fluctuations of the shower mayi mum depth 
and by Poisson fluctuations of the detector recordings. 
Therefore this shower is considered to be formed by a pri- 
mary -quantum. If to estimate a total flux of ^-quanta 

with E q ^ 10 17 eV on one event for all the above registration 

period then their intensity is 2,9»10"’ 1 ^ m" 2 *s" 1 •sr“ 1 , i.e. 


"'-'ICT 3 from total flux of the primaries with E o ^10* 7 


eV. 


Its arrival direction is in the plane of the Galaxy with 
coordinates: o = -8° and l e ngifca& e £ u = 153°. 

5» Conclusion s Experimental data on fluctuations of 
the shower maximum depth and on muon number Kj*(E|*^.1 GeV) at 


E 


18 


u 10 17 - 10 ,w eV contradict to the composition only of 
heavy nuclei. The most clise to the experiment in this energy 
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range is the mixed composition 
which contains not less than 
40% of protons (<ln A> 

1 .5+0,5% She only proton com- 
position is though unlikely 
hut it is still impossible to 
exclude it. The T -quanta flux 
-3 v 

is ~10 from the total flux 
of the primaries at 
E Q ^ 10 17 eV. 


Fig. 3. 
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ALL PARTICLE ENERGY SPECTRUM OP COSMIC RAYS 
IN 10 15 to 10 20 eV Region 
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V. A. Kolosov, F.F.Lischenyuk, I.Ye.Sleptsov 
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ABSTRACT 

Average estimations of the shower energy compo- 
nents are presented and their sum gives <E q 

( p 600 )> - an average function of the relation 
of E q with the shower size parameter p 600 measu- 
red at the Yakutsk EAS array. Using this rela- 
tion to the EAS spectrum obtained at the Akeno 
and Yakutsk arrays the energy spectrum of the 
cosmic ray total flux within l5^.1g(E o ,[eVj) ^=20 

by the EAS methods is recovered. 

1 . Introduction . Earlier beginning from 1971 we esti- 
mated the primary energy E q on the atmospheric Cerenkov 

light flux density on the core distance 400 m at the Yakutsk 
EA,S array [1] . Last years the experimental data on a ma x i mu m 
depth, muon energy spectrum and other average characteristics 
of the EAS development are obtained which are important to 
estimate the shower energy components. By a balance of the 
latters one can determine the E Q . 

2. Estimation of E p by Energy Balance Method . The sho- 
wer primary energy consists of the next components: E Q = E^+ 
E ^ + E^* E 0 + Ej^ E^+ E^= E i + E, where the first three terms 
show the energy loss into the atmosphere ionization (E^) by 

electrons, muons and by splitting the nuclei and the last 
four ones - the energy dissipated in the earth in the form 
of electron-photon, nuclear-active, muon and neutrino compo- 
nents (E). Our estimation [2] differs from one [4] by account- 
ing of the atmospheric Cerenkov light losses [5)on which E . - 
a main component of the E q is estimated and by use of the new 

measurement results of the muon energy spectrum for Eju. . 

E .. For 10^^ E„^10^eV the relation of E . with 
ex o ©1 

the atmospheric Cerenkov light total flux ‘P h (in number of 
photons) and from the depth of maximum of showers X 

o u. —u. maX x-1 

(g.cia ) is given by E gi = 2.07*10 (1.04+5.8.10 * x max ) * 

. >e V where *^^1 is a light transmittance 
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coefficient by atmosphere due to molecular (Rayleigh J^) 

and aerosol ( (T a ) scatterings. According to [6 et al] a 

main aerosol part is in a ground layer of km thickness. 

If to assume that the aerosol is concentrated at depth > 

900 g.cm -2 and 0.6 at E rt = lO^eV then (T = 0.62 at E 
18 0 

10 eV. According to these estimations we took O' = 0.60 
0.04. Then due to the experimental dependence X mwy from Q 600 

and the observed correlation of % with p 600 [?]we found 

the average value lgC^feVj) = (0.98*0.05) «lg P 600 + 

+ 17.62o!° ; °79. 

jgj ^ 

Mi * Its value is small and is observed to be equal 
to the average meaning expected from calculations by diffe- 
rent EAS development models, E^ = (0.12 ± 0.09)*E^ . 

~^hi * If to suppose that the average part of hadrons 
on the atmosphere P^X) = 0.02*0.01 from H e (X), average 

energy of the nuclear splitting £ nd = 0.5 GeV [8] and add- 
ing the usual ionization losses of hadrons we found E^ = 
(5*6*2. 2)*10 2 *E Q £. If P^X) and £ are somewhat over- 
estimated then it is probably quite compensated in estima- 
tion of E^ by not accounted here the effect of photonucle- 

ar reactions [9]* 


E 

^ When the muon component registration threshold 
£ja,thr = 1 GeV » as is a_b the Yakutsk array, then E ^ = 

tjLt’Nji*. (> 1 GeV) where the muon component energy 6^ = 

= [^(>1 QeT)] -1 . -I)' 1 - 

—1 9 ® 

•(1 + a ) for the energy spectrum of the shower muons 

in form ( >£jm. ,GeV)oc( 8^ + a) ^ which refers to one mu- 
on with > 1 GeV . Calculations show that when the muons 

generated only due to decay of pions and kaons then the 
muon energy spectrum does not almost depend on the EAS de- 
velopment model and the very poorly depends on E Q . Prom 

unique measurement results of the muon energy spectrum in 
showers with = 2.1 CP at sea level [10] we find that a = 

= 10 GeV, V =1.64 and 6^ = 18.2 GeV. At 6^ thr = 1*1 

GeV [11] , 5 GeV [12] and in the case = 10^*[13] the re- 

sults confirm the mentioned approximation (Pig.1). Using 
£7 1 =(16 * 3) GeV and the observed relation lgNju. ( > 1 GeV)= 

= (0.84 * 0.08)*lgp 6oo + . 6.491 [ 3 ] we obtain 


O -H 
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lsO^.feV]) = ( 0.84±0.08).lgp eoo + 16.699lg^ 


Bo. Assuming that the neutrino carries away 27, 90 and 67% 
of the muon energy due to decay of pions, kaons and muons, 
respectively, and the ratio of kaons to pions is 0.22±0.09 
[8] we obtain E v = (0.64 ± 0.18) -E^ . 

Adding all the above components of E based consider- 
ably on the experiment the average estimation is as follows: 

lg(E 0 .[eV]) = (0.98 + 0.03)*lg/>6oo + 17.754^g^. 

3. Energy Spectrum of the Primaries . Using the above estima- 
tion of E 0 for the EAS spectrum obtained on the Akeno and 
Yakutsk array data in a corrected form [3] the energy spect- 
rum of all the particles at energies 15 £lg(E 0 , [ eV ] )£ 20 is 
recovered. It is shown in Eig.2 where the dashed lines corre- 
spond to the results at E Q +aE q . As it is seen this spectrum 
reveals significant irregularities and being approximated by 

a form J(E 0 )dE 0 oc E”^ ~^dE 0 it has the following exponents: 

AlgE 0 15.+16. 16. +17. 5 17.5*18.2 18.2+18.9 18.9*19.4 19.4+20. 


+1 2.59±.18 2.91±.13 2.99+.04 3.63+.05 2.47±.09 3.48±.11 

Integral intensities with account of accuracy of the determi- 
nation of E 0 are as follows: 


lg(E 0 ,[eVP 15 16 17 19 

I(>E 0 ),m.s.sr (2.3±0.6)10“ 6 (5*1.6)10“® (6±2)10~ 12 (3±1)10~ 14 



Pig.1. 1- [10], 2- [ 13 ], 

3- [12], 4- [11], 

5- OBj* )oc(E ^ + 10)” 1 * 64 
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4. Discussion * A good agreement with results of energy 
balance of small EAS [14] and of a direct calorimetry [15J 
testifies a correctness of E Q - p 600 obtained by us. The latter 

one is lgE o =(0.94± 0.03)(lgN e -8.042) + 17.754^}^ for mea- 
surements at Akeno (920 g.cmT 2 ). 

Por lg(E , teV])^19 the spectrum reveals a consistent 
steepening with energy E Q which considerably differs from 

its earlier accepted form [16 et al]. It more corresponds to 
a picture expected at the diffusion of the mixture of the 

f alactic origin nuclei [173. The irregularity (rather "bump"- 
ype) at 19^1g(E » [eV] )^20 is difficult to interpret by 
evidence of an exSragalactic component: the particles of 
these energies also arrive from low galactic latitudes main- 
ly and their anisotropy phase changes with E Q [18 et al] • 
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EAS SPECTRUM IN THE PRIMARY ENERGY REGION ABOVE 10 15 6V 
BY THE AKENO AND THE YAKUTSK ARRAY DATA 

D «D .Krasilnikov 1 . S.P .Knur enko , A. D .Krasilnikov, 

V.N .Pavlov, I.Ye.Sleptsov, V.P.Yegorova 

Institute of Cosmophysical Research. & Aeronomy, 

Lenin Ave., J1, 677891 Yakutsk, USSR 

ABSTRACT 

The EAS spectrum on scintillation density 

A C PO 

p 6oo in primary energy region E s 10 •'-lO 
eV on the Yakutsk array data ana recent 
results of the Akeno is given. 


1 . Introduction 


At present the EAS observations at sea-level take the 
widest energy range of primaries. The observed EAS spectra 
on particle number N in a shower at E ^ 10 18 eV and on par- 
ticle density p 600 at a distance R=600 m from axis at E > 

17 J ° 

J.10 'eV are obtained. Either for the recovery of the spec- 
trum on E or for the comparison it is reasonable to obtain 
these results in aform of "corrected” spectra where effects 
of the development fluctuations (different for N and p 600 ) 

and N and p 600 measurement dispersions (different for vari- 
ous arrays) are taken into account. To consider the EAS 
spectrum on the whole it is required also to use in the 
analysis a common basic unit of measurement of the shower 
particle number (density) and a common parameter of the 
shower size. Yet it is reasonable and possible only on the 
basis of p 600 : there is the experimental estimation ofp 600 

and E relationship and only in the Akeno array data there 
is the possibility of transition from N to p6oo • 

2. Results 

a) Yakutsk. In the central part of the array [4] the regis 
tration of showers was triggered by a small master (SM) and 
on the whole array - by a big master (BM) . For the analysis 
the shower events were selected with an axis within fixed 
receiving areas (different for various ranges of j0 6 oo ) and 
for those periods of the array operation T, when ~100 % - 
efficiency of registration and levels of 8p &00 summary re- 
lative deviations of fluctuations of the shower development 
and their measurement dispersions obtained from a total mea 
surement simulation [ 5 ] and accepted for the analysis [1,2] 
were provided. Each shower was individually treated as fo- 
llows: 1) from approximation of measured particle densities 
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by fi (R) i c>cR n i [ 5 ] ^ and p 600 ,i were determined; 2 )p 6 oo,i 

Z0n ^bh angle 6 = 0 °, atmospheric tempera- 
ture 240 K and pressure 100? mb ( p 600 and E q relationship at 

the atmospheric depth X=1025 g.cm '" 2 at these parameters was 
found) using the absorption length measured in the experi- 
ment JUp 600 ) = (218 ± 15 ) + (172 ± 15 ) -sec 0 , g.cm" 2 , 0< 
60°, a barometric coefficient o( p a - 0,25 * 0.03 % per mb and 
temperature coefficient oC T ( p 600 ) = 0.30 ± 0.11 % per K. 

For -O .35 <lgp 600 < o .6 as an intermediate parameter of sho- 
wer size the />v> 0ji having the absorption length X ( p 300 ) = 

251 * 0,<4O ° ^ Pe 00 = ( 0-1 ^ * 0 . 01 ) • 

* P300 U# ° * 2 were used. 

D ^ta used in spectrum construction on the whole have 



bg [peo 0 » m ] 

^jPeoo 

STQ ,m 2 ssr 

Number 

SM 

-0.35 * 1 

0.40*0.17 

(0.16*4.33) » 10 15 

of events 
554 

BM 

BM 

1 *1.5 
>1.5 

0 . 22 * 0.21 

0.21 

( 1 . 88*4 . 40) * 1 0^1 c 

5.69 - 10 ° 

109 

79 


Introducing into the observed intensities the correc- 
tions for the summary effect of the development fluctuations 
and measurement dispersions with the correction factor [2] K= 
s 0.98 [1 ♦ 5 p 600 ] 0 . 5 ae( 9 e-i) .^e <aiff ereil -tjj_ al f o (p 600 ) 

and the integral F 0 (>p 6<?0 ) corrected IAS spectra (see Figu- 
re) were obtained. 

The differential spectrum for -0.3<lg p 6Q0 < 1.7 displays 
significant irregularities and at the description by f (p 600 ) 

* A( p 600 / 10 )“* has the following parameters: 

x 6 p 6 oo ~ 0 . 3 * 0.5 0.5*1. 2 1 .2*1.7 1.7*2 . 3 

lg A -13.37*0.04 -13.63*0.02 -13.92*0.05 -13.20*0.09 

*+1 2.95*0.04 3.58*0.05 2.45*0.10 3.43*0.11 


The spectrum on p 600 obtained by the relationship p^s 
- ( 2.05 * 0 . 11 ) • ( Q<,oo / 1 O ^) 0 *^* 0 * 02 from the transforma - 
tion of the density spectrum of the shower atmospheric Ce- 
renkov light Qttoo [ 1 ] and having the form of the spectrum of 

loss in atmosphere confirms the change for -0.3^ lgp 600 ^ 1. 

In the Figure a dashed line corresponds to the observed 
spectrum on H aver ah Park data [63 reduced by us to the scin- 
tillation density p 600 due to [71* In this case according 
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to [8] the effect of 5p soo at lgfsoo ~ 1 is small ( &1C % 

on intensities) and at lg p 600 1 somewhat increases. Ta- 

king into account this fact we find a satisfactory agree- 
ment of the results of both arrays. It is remarkable that 
the Haverah Park spectrum reveals also the steepening ten- 
dency for 1.8 £ lgpeoo ^ 2*3 • 



b) Akeno . The observed EAS spectrum at sec & = 1.1 (at the 
depth 1011 g.cnT 2 ) is given by f(N e )dN e = A(N e /10 6 )“‘ 8e N“ 1 
with A = (1.2 * 0.2) •10“ 1 ^m^s^sr”^ part. -1 , 9e N = 1.49 *0.17 
for 5 ^ lgN e < 6 and ae N * 1.80 * 0.12 for 6 < lgJJ 0 <8. 

Some corrections were made? the spectrum is reduced to the 

-•P 

Yakutsk level 1025 g.cm with absorption length X (N ) = 

235 g.cm ; the effect of the shower development fluctuati- 
ons was taken into account on [9] with average correction 

factor Kg- = 0.89* [1 + S'Ng 2 ] “ 0 *5^e 3Sr C = 0.77 where 

the deviations were taken according to [10] to be 0.7 for 
5 < lg^ e ^ 6 and 0.44 for 6 ^ lgN 0 ^ 8. 

Prom [11,12] we find lg Peoo = *6 f P6oo, e + Psoo.p, 1 = 

= 0.961 IgN - 7.46 at the depth 966 g.cm’” 2 at T = 279 K. 

6 



197 


OG 5.1-16 


Recounting p 600 to depth 1025 g.cm“ 2 with A ( p eoo ) = 590 

g.em” 2 at T = 240 K with oC^ = 0.5 % per K and to the Yakutsk 

bas&d unit of muon equivalent having the relationship u^/u Q = 

= 1.15 with the electron equivalent unit (5J the relation- 
ship lg p 6Q0 = 0.96*lgN e - 9.534 is obtained. 

In the Figure the differential and integral corrected 
EAS spectra on p 600 from the Akeno data are given. For lg Qqqo 
< 0.12 we obtain: f Q ( p 60Q )d p 600 - A (p 6 oo /10” 1 • 80 f*‘ v aj% 00 

with A q = (1.2 * 0.2)‘10~ 5,297 m“?s”- lf sr“ 1 (part./m 2 )" 1 , 

3e = 1.55 * 0.18 for -2.76 <lg P600 < -1.80 and 9e=1.88±0.15 
for lg Psoo > -1.80. 

5. Conclusion 

In the considered 5-decade energy range the EAS spect- 
rum on p 6oo reveals significant irregularities. For lgpeoo 4 ^ 1 - 2 

the steepening(rather consecutive) of inclination of ^p 60 o ) 

with increase of p 600 occurs: -ge-1=-2.55±0.18; -2.88±0.12; 

-2.95±0.04 and -5.58±0.05 for A lg p 600 = -2.76±-1.8; 

-I.81—O.5; -0.5*0. 5 and 0.5*1. 2, respectively. At lgp600 >1 - 2 

the irregularity is observed: -se-1 * -2.45±0.1 at 1.2 < 

1sP6oo < 1-7 and -ae-1 -5 at 1 .7 ^ lg/W < 2.5. We assume 

that four shower events with lg j0 600 >2.5 from the spectrum 
of [6] if to eliminate the effects of methodical character 
could indicate the possible existence of the other irregula- 
rity in the range out of the control of the Yakutsk array. 
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1 . Introduction. 



The EAS spectra on 9600 obtained at the 
58000 operation hours in 1974-1982 are 


presented. The refined value of the conversion factor from 


9600 to E o is given and based on it the primary energy spec- 
trum is obtained. 


2. Methods. At the Yakutsk EAS array the showers are 
classified on parameters which are well measured in real 
showers: in the central part - on £300 and on the whole ar- 
ray - on 9600 • The shower spectra are constructed first on 
these parameters, then - a single spectrum on 9&00 • 

The $300 and 9600 values are determined on the parti- 
cle lateral distribution function (LDP) obtained in Yakutsk 
(for instance, [1]) and on approximation P~K using the ex- 
perimental points closest to R*( 500 and 600 m) £2 ] . In £1J 
and [2] somewhat different methods of selection of showers 
for a construction of spectra are also used. 

The differential spectra on ?600 the 

array data for 58000 operation noura from Janua- 
ry 1974 to April 1982 are given in Fig.1. They are presented 
the physical and instrumental errors of P too uncorrected 
since the conversion factor will be further used for trans- 
formation of 9600 ‘ bo E o uncorrected as well. 

Prom Fig.1 it is seen that the spectra obtained by two 
somewhat different methods do not contradict each other on 

n 

the whole. However, at 9 600 ^10 m the spectrum accor- 
ding to [2] is ~ 1.5 times higher than one in £lj. 

The spectrum Pfiop (HP) (Haverah Park) is presented with 
the recount to9600 (x) (Yakutsk) using the dependence 

j>600 (Y) = (1,72±O,25)*P6O0 (HP) 1 ’ 06 * 0 * 03 . Such a dependence 
is obtained from the comparison of the detector responses at 

these arrays [i3- 

Prom Fig.1 the irregular change of spectra, xn particu- 
lar, ,, bump ,, at 9600 > 20 is evident. However, there is no 
a common opinion in estimation of such "bump" confidence. 

To our point of view it is necessary to find out the possible 
methodical details before concluding the existence of any ir- 
regularities of the spectrum, the more so that in this re- 
gion the insufficient statistics is available and the EAS 

characteristics at E 0 > lO 1 ^ eV are investigated not enough. 
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The parameter 
§600 f° r the Yak- 
utsk EAS array is 
reliably measured 
and besides it is 
proportional to 
Eq. The relation- 
ship between Pgoo 
and Eo in [ij is 
found by the calo- 
rimetric method 
and in [2] - 
either by the same 
method or only on 

In the total balance of EJ the portion Ei (energy dis- 
sipated by electromagnetic component in the atmosphere) is 
80 %, It is found as Ei = K‘9 3 , where 4* is the total 

EAS Cerenkov light. flux in the atmosphere. The value K 
depends weekly on the shower development model and is 

Zl. m/\ 

3,8*10 eV/photon*eV (photon number is expressed per 
unit of energy range? for photomultipliers used in Yakutsk 
the frequency range energy is 2,6 eV). 

The conversion factors from $>$oo to E 0 obtained in 
w and [2] by a calorimetric method differ by 1 ,4-1 ,5 
times. It is associated mainly with the different estima- 
tion of the light absorption in the atmosphere and with 
the different values of the average energy of muons. 

In [1] the light absorption is taken to be (27sec0)%, 
in [2j it is 4Q% for all the zenith angles 0 . The average 
energy of muons with Em^I GeV is taken to be 7 GeV £lj 
and it is 16 GeV in [2j. 

If to suppose that the light absorption occurs only in 
near the ground atmosphere layer as in \2\ and it increases 
as sec 0 (i.e. the absorption is 33- sec 0,%) , and if the ave- 
rage energy of muons is taken to be 9 GeV (such a refined 
estimation seems to be proper) , then we obtain: 



Fig.1 

the Cerenkov light method (on Qznn )• 


E 0 = (5,0±1,4M0 17 - y 60 0(0 o ) 0,96±0, ° 4 * 

From here we obtain on the Yakutsk EAS array data at 
sea level the following dependences of charged particle num- 
ber N s and of muon number Nj* ( >1 GeV) on E Q : 

E = (7,8+2,1)*10 17 (N /lO 8 ) 0 ’ 86 * 0 ’ 06 

O "• S f 


E 0 = (1,8+0,5)«10 17 ( Nj* /10 6 )^5t°,°4 
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4. Discussion* The 
integral energy spectrum 
on the Yakutsk BAS ar- 
ray data by the above 
conversion factor is 
presented in Pig. 2. 

The shaded region cor- 
responds to data of[l] 
and (2]. Note that the 
achieved at present 
accuracy of the energy 
calibration allows to 
determine the absolute 
intensity in the range 

10 eV with the accu- 
racy to 1,8. The spec- 
Pig.2 trum of the SUGAR ar- 

ray data is presented 

on [j] using the obtained dependence between Nju and E 0 
and taking into account the difference in thresholds Bja . 

The discrepancy from the Haverah Park spectrum at the 
extremely high energies is that at the Haverah Park EAS ar- 
ray were registered 4 showers with very high values of j>£o 0 
(two last points in Pig.1). At the Yakutsk EAS array such 
showers were not detected and the experimental data do not 
contradict the possibility of the existence of cutoff spec- 
trum. 

The reasons of the discrepancy of the Yakutsk and Have- 
rah Park 5*600 spectra are not completely revealed. It is 
without exception that there are differences in the geometry 
of arrays, types of detectors and analysis method. 

5. Conclusion. We think that it is necessary to analyze 
all the details of registration, treatment and analysis of 
showers based on the common methods to find out the nature 
of the observed irregularities of spectra. 
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COMPOSITION OF PRIMARY COSMIC RAYS NEAR THE BEND FROM A STUDY 
OF HADRONS IN AIR SHOWERS AT SEA LEVEL 
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Ellsworth, R.W. 
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ABSTRACT 

Data on hadrons in air showers arriving at sea level in College 
Park, Maryland have been studied to find sensitivity to primary cos- 
mic ray composition. The rate of showers which satisfy minimum 
shower density and hadron energy requirements as well as the rate 
of showers containing hadrons delayed with respect to the electron 
shower front are compared to Monte Carlo simulations. The data on 
the rate of total triggers and delayed hadrons are compared to pre- 
dicted rates for two models of primary composition. The data are 
consistent with models which require an increasing heavy nuclei 
fraction near 10^5 eV. The spectra which are consistent with the 
observed rate are also compared to the observed shower size spec- 
trum at sea level and mountain level. 

1. Introduction. In this paper we present analysis of a two year run of the 

Delayed Hadron Experiment at sea level in College Park, Maryland. Four seg- 
mented ionization calorimeters (Figure 1), each of area ~1.5m 2 were used to 
study the energy and arrival time distribution of hadrons near the core of 


Cmun 



BD 


B 



Figure 1: Experimental layout 


Calorimeter profile 


extensive air showers. A small air shower array of 12 scintillation counters 
located near the calorimeters were used to record the density and arrival time 
of the electromagnetic component of the air shower. The details of the design 
of this experiment have been presented elsewhere. 1 
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2. The Experiment. Events were required to pass the following offline cuts in 
order to be included in our data sample; 1) A signal greater than 75 equiva- 
lent particles must be recorded in the top layers of at least one hadron calor- 
imeter. 2) The average shower density in the four counters "A" directly above 
the calorimeters must have an average density of greater than 13.5 ptls/m 2 and 
at least two of the four counters must equal or exceed this density. 3) All 
four A counters must have fired a timing discriminator set at 0.1 particle and 
shown a timing signal consistent with the other shower counters. 

Signals were recorded at four depths in each of four quadrants in all 
calorimeters. The arrival time of a signal > 3 equivalent particles was re- 
corded for three of these counters within each quadrant. Data from the B layers 
(located under 150 gm/cm 2 ) are displayed in Figure 2 as a scatter plot of B 

signal against arrival time relative to the 
A counter above it. Events in which the 
hadronic counter signal is large are con- 
sistent with a resolution of 2.5 ns. The 
data show several events with large signal 
and delay (these are described in detail 
in paper HE 6.2-7 of this conference) as 
well as a significant tail of low signal 
delayed events. 

The rate of events passing all offline 
cuts is 3.15 ± .04 events per hour. The 
rate of events which contain at least one 
calorimeter counter delayed by greater than 
20 ns and having a signal greater than 20 
equivalent particles is 0.050 ± 0.004 events 
per hour. These two event rates are com- 
pared to simulations for various composi- 
tions in the next section. 



TIME DELAY OF (B-A) in nononconds 

Figure 2 


3. Simulation of the Experiment. In order 
to interpret the data taken in this experi- 


ment it is necessary to compare it to a 
Monte Carlo calculation which simulates the 


interaction of cosmic rays in the atmosphere and the response of our detector 
to these particles. The details of the air shower simulation used have been 
given elsewhere. 2 In this paper we shall give a brief description of the simu 
lation . 


The program generates air showers in energy intervals from E 0 to 2E 0 on a 
spectrum with a slope of E -2 -^. The data from each of these intervals may then 
be combined in different proportions to produce different spectra. Over the 
range of spectral indecies investigated in this work this method produces a 
smooth spectrum. Nuclei of atomic number A are simulated using a superposition 
model where A nucleons are generated at the same angle and energy. The simula- 
tion uses a cross section which increases with energy for nucleon air inter- 
actions. 


Interactions are simulated using a modified scaling model in which the rise 
in central rapidity density seen at the SPS collider is included by steepening 
the X distribution of produced secondaries in an energy dependent manner. The 
Monte Carlo includes production of nucleon anti-nucleon pairs as well as pions 
and kaons. Leading particle effects are included for various projectiles and 
the effect of nuclear targets is simulated. All hadrons are followed from 
their production until they either reach detector level, interact, decay or 




drop below 2 GeV. The electromagnetic shower is calculated by accumulating 
each gamma ray produced in a meson decay. The gamma rays are then projected 
to detector level using approximation B 5 and the lateral spread of their 
showers is computed using a modified NKG 4 lateral distribution function. The 
information on both the hadrons and electromagnetic shower are written out on 
to tape where they are fed into our detector simulation program. 

For each hadron which reaches detector level in our simulation we store 
its energy, position, particle type, momentum, arrival time, and local shower 
density. The response of our detector to each incident hadron and its accom- 
panying electromagnetic shower is simulated. The number and distribution of 
triggers and delayed events are computed by applying offline cuts to the sim- 
ulated data. We then compute an efficiency for triggering for each primary 
species and energy interval. The simulation of detector response is accom- 
plished by comparison with direct calibration and Monte Carlo calculation. 5 

4. Comparison of Data and Simulation. This experiment provides a set of 
experimentally measured quantities which may be compared with simulations to 
test various composition models. It does not measure primary composition 
directly. Those models which predict rates which are inconsistent with our 
measured rates can be ruled out within the context of the high energy physics 
model used. It is important to note that by the use of models which predict 
significant deviations from observed interaction properties above measured 
energies different results may be obtained. In this paper, we compare our 
data to a high energy model which requires a minimum extrapolation from ob- 
served data. We also attempt to use models for primary spectra which are con- 
sistent with extensive air shower data. 

The two models which we consider here represent divergent theories of 
cosmic ray propagation. In the first (model Md), the spectrum of the light 
and medium nuclei are assumed to be that given by the JACEE Experiment 6 while 
the spectra of the heavy nuclei (Si and Fe) are chosen to be somewhat flatter 
up to a rigidity dependent steeping, resulting in an increasing fraction of 
heavy nuclei. In the second model (model L), we follow the proposal of Linsley 8 
in choosing a proton dominant composition which contains a flattening of the 
proton spectrum at 10'^ eV. In Table 1 we list the parameters of each of these 
models. In Table 2 we present the predicted rates for this experiment for 
each model . 

5. Results. The results of the comparison between our experimental data and 
our Monte Carlo simulation show that model Md of primary composition which 
has a significant enrichment of heavy nuclei near the break fits both our 
trigger rate and delayed event rate. Model L would produce a trigger rate 

60 percent above the observed value while producing only 50 percent of the 
fraction of delayed events observed. 

Model Md has been shown to be in agreement with our predicted rates for 
trigger rate and for delayed event rate. It has also been shown elsewhere 
to be consistent with measured muon distributions. This model is used to 
compute the expected flux of air showers at sea level and mountain level. 

Figure 3 shows these results. The discrepency between the simulation and 
the reported data 8 ’ 9 is consistent with the spread between various measure- 
ments. 
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Table 1 

Composition Models 
Slope Break Slope 

(below break) rifidity (above break) 


Model Md 

Protons 

-2.75 

200 TV 

-3.3 

Alphas 

-2.78 

200 TV 

-3.3 

C-N-0 

-2.6 

200 TV 

-3.2 

Silicon 

-2.55 

200 TV 

-3.1 

Iron 

-2.55 

200 TV 

-3.1 

Model I 




Protons 

-2.7 

100 TV 

-2.5 up to 10,000 TV then -3.1 

Alphas 

-2.7 

500 TV 

-3.1 

C-N-0 

-2.7 

500 TV 

-3.1 

Silicon 

-2.75 

500 TV 

-3.1 

Iron 

-2.75 

500 TV 

-3.1 


Table 2 

Rate Predictions 


Model 

Event Rate 
(per hour) 

Delayed Event Sate 
(per hour) 

Fraction Delayed 

Data 

3.15 t .04 

0.050 + 0.004 

0.016 

Md 

3.2 

0.05 

0.015 * 

L 

5.1 

0.04 

0.008 


* The Md sod el was chosen to five the best fit to this data. 




Sea level 


Mountain level 


Figure 3: Vertical shower flux: x = sea level data, 0 = mountain level 

data, t = sum of simulated species 
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ABSTRACT 

A study of the distribution of muons near shower cores has been 
carried out at sea level at Fermilab using the E594 neutrino detector 
to sample the muons with E > 3 GeV. These data are compared with 
detailed Monte Carlo simulations to derive conclusions about the com- 
position of cosmic rays near the bend in the all particle spectrum. 

We report results from a set of Monte Carlo simulations generating 
EAS with primary energy in excess of 50 TeV. The set contains showers 
initiated by protons (A=l), alpha (A=4), CNO (A=14), medium (A=24) and 
heavy (A=56) primaries. For the primaries heavier than protons a 
successive breakup model for nucleii-air collisions is assumed. We 
have, in all, 2300 proton, 1400 alpha, 1000 CNO, 1000 medium and 
1200 heavy initiated showers. Each shower record contains details of 
the electron lateral distribution and the muon and hadron lateral dis- 
tributions as a function of energy, at the observation level of lOOOg/cm. 

To simulate experiment, each shower was thrown 500 times randomly 
over a square of 200 m x 200 m, centered on that of the detector 
system described elsewhere. For each throw, the electron in the 
'trigger' detectors and the muons in the calorimeter were estimated 
from the lateral distributions. The number of 'detected' electrons 
and muons in each case was determined by a Poisson fluctuation of the 
number incident. This set of 'simulated data' was then subject to the 
same cuts as the data (with an additional upper limit of 100 on the 
number of muons to take into account the failure of the algorithm that 
estimates the muons). The resultant predicted distribution of muons, 
electrons, the rate of events etc. were then compared to those ob- 
served. Preliminary results on the rate favors a heavy primary domin- 
ated cosmic ray spectrum in energy range 50-1000 TeV. 
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The TEy spectrum in lO 2 ^ 5 x 10 3 TeV observed at Mt.Fuji ( 
~ 3725 m a.s.l. ) strongly suggests that the flux of primary protons 
in 10 I5 M0 16 eV is lower by a factor of 2^3 than a simple 
extrapolation from lower energies; the integral proton spectrum 
tends to be steeper than ET ] 1 around 10 14 eV and the spectral index 
becomes ^2.0 around 10 15 eV. If the total flux of primary 
particles has no steepening up to MO 15 eV, then the fraction of 
primary protons to the total flux should be ~ 20 % in contrast to 
^45% at lower energies. 


1. Introduction. As well known, the integral energy spectrum of all 
primary particles steepens to E -20 over ~5xl0 15 eV in contrast to FT 1,6 at 
lower energies. This "knee” of the spectrum may come from 1) a change of 
the acceleration mechanism resulting in a steeper source spectrum and/or 
2) a breakdown of magnetic trapping in the galaxy. Study on the 
composition around the "knee” is an important key to resolving the 
problems of the origin and propagation of cosmic rays. However, the 
definite result has not yet been obtained because of the too low primary 
flux for the direct observation and too poor response of the air shower 
observation to the primary mass. 

The emulsion chambers ( EC ) at Mt.Fuji have been extended to the 
scale of 1000 m 2 x year, and a few hundred events produced by primaries 
with energy 10 I5 M0 16 eV have been accumulated 1 ^ . Meanwhile, accelerators 
has clarified the feature of nuclear interactions up to 150 TeV (in lab. 
energy). These circumstances enable us to investigate the primary 
composition around the "knee” by analysing the EC events through 
simulations based on a reliable model of nuclear interactions. 


2. y-ray Family. A group of high energy particles (mostly y-rays with 

energy > a few TeV) produced by successive collisions of a primary 
particle with air nuclei is called a family. Particles which penetrate 
deep in the atmosphere can produce families effectively, otherwise 
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produced particles are usually absorbed in the atmosphere. Therefore 
protons are most efficient in producing families; the average energy of 
protons responsible for y-ray families with EEy>100 TeV is ^2x10'^ eV 
while that of irons is almost one order of magnitude higher. 

It has been found that the fraction of proton-induced families in 
all families in EE y >100 TeV is ~ 70% even if protons constitute only ~ 
10% of all particles around 10 15 eV. Therefore, if we convert the family 
intensity into the primary flux assuming that all families are produced 
by protons, we obtain an upper bound of the proton flux within an 
accuracy of 30%. 


3., Mo nte-Carlo Simulation. The Monte-Carlo method has been used to 
simulate the family phenomena and to deduce the primary intensity by 
comparing the obtained family flux with the experimental one. Important 
factors in the simulation are the cross-section of nuclear interactions, 
the leading particle spectrum and the secondary particles spectrum 
(especially, the degree of scale breaking in the fragmentation region). 
These are summarized in the following. 


Cross_ Section Using the 

data of pp and pp interactions up 
to 150 TeV, the mean free path of 
the N-Air collision is expressed as 
xE“ 5 , where E is in TeV, 5 is 
0.04 ~ 0,06 and A.o=82 g/cm 2 . 

Elasticity Two cases of 
the elasticity distribution are 
assumed as shown in Fig.l. Case A 
disregards the difference between 
protons and neutrons and gives the ® 
average elasticity of 0.44. In case 
B is considered the absence of the 
diffraction peak in charge exchange 
processes, for which we refer to 
p-C and p-Be data 3) at 100 - 400 
GeV. The average elasticity in a 
non-charge exchange process like 
p+Air-^p+X is 0.45 while that of 
p+Air^n+X is 0.28. With a charge 
exchange probability of 28 %, the 
average elasticity in case B 
becomes 0.40. 



ELASTICITY ( x ) 

Fig.l Elasticity distribution. 


Energy: distribution of secondary varticles The QCD-jet 2) 

automatically introduces a mild scale braking in the fragmentation as 
shown in Fig. 2a. The rapidity distribution shown in Fig. 2b is compatible 
with the CERN-SPS data. To see the effect of a strong violation of 
scaling in the fragmentation region we employed a fireball model of which 
the multiplicity grows as E'^ 4 . 

In Table 1 , the models are characterized by the parameters discussed 
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above. The calculated flux of 7 -ray families at EE 7=100 TeV for each 
model is listed by normalizing the flux to model QA 6 . 




Fig. 2a x-distribution of Fig. 2b y-distribution 

secondary pions in p-Air corresponding to Fig.l. Black 

collisions at 10 4 * * * * * * * 12 * eV and 1 O 16 dots show data by the CERN-SPS. 

eV. A mild-violation of scaling Correction due to Air-target 
is seen in the model with QCD effect is included, 
jet. 


Table 1. Interaction model and the relative flux of 7 - ray family. 


model 

x distribution 

elasticity 

m.f.p. (5) 

flux ratio 

QA4 

QCD 

case A 

0.04 

1.32 

QA 6 

QCD 

case A 

0.06 

1 

QB 6 

QCD 

case B 

0.06 

0.72 

FA4 

Fireball 

case A 

0.04 

0.41 


4. Proton Spectrum in 10 15 ^10 16 eV. Under the assumption that all 

7 -ray families are produced by protons, an expected spectrum of protons 

is deduced as shown in Fig. 3. The upper bound is given by model QB 6 and 

the lower one by model QA4. As mentioned already, a maximum of 30 % 

decrease might take place in the expected flux (due to the heavy primary 

contribution). Even if we take the experimental errors (both statistical 

and systematic) into account, we are forced to conclude that the proton 

spectrum should steepen around 10 14 eV, and the ratio of protons to all 

particles in 10 15 ~ 10 16 eV should be lower by a factor of 2~ 3 than that 

at lower energies. 
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10 1 io 2 io 3 10 

E/Nucleus ( TeV ) 

Fig. 3 Expected primary proton spectrum. 


5. Discussion. By an analysis of air shower data, some authors 
reported a proton-dominant composition^ . In their estimation, a scaling 
violation in the central region are included to be consistent with the 
CERN-SPS data while the x-distribution in the fragmentation region is not 
properly considered, which is most effective to the cosmic-ray 
propagation in the atmosphere. Even if we assume a strong scaling 
violation (FA4) which is unrealistic already at the accelerator energies 
as shown in Fig. 2b, the expected proton flux never exceeds the simple 
extrapolation from low energies. 

The general (i.e., all observed particles independent of family 
correlation) hadron and y spectra observed at Mt.Fuji also supports the 
present picture 5 . In Ref .6, we estimated the composition around the 
"knee” by the use of the "rigidity cut-off model”. The proton spectrum 
there is consistent with the present estimation. 
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TO PRIMARY MASS COMPOSITION INVESTIGATION 
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ABSTRACT. The analysis of muon and electron fluc- 
tuation distribution shapes by means of the sta- 
tistical method of invers problem solution gives 
the possibility to obtain the relative contribu- 
tion values of the five main primary nuclei groups. 

The method is model-independent for a big class of 
interaction models and can give good results for 
observation levels not too far from the development 
maximum and for the selection of showers with fixed 
sizes and zenith angles not bigger then 30°. 

1 .INTRODUCTION . The extensive air shower s (EAS ) are today 
tbe main and possibly the only information source about the 
mass composition of the primary cosmic radiation in the ul- 
trahigh energies , because the use of the direct methods are 
still limited now to energies lO^-IO 1 ** eV . 

The analysis of the dependences of the second momenta 
°f the different component fluctuation distributions of the 
other EAS paraweters/1 -<t/ shous , that the primary cosmic radi- 
ation at energies greater than 10 -eV can not consist of one 
nucley type only and the content of primary protons and iron 
nuclei in the mixed mass composition must be essential. 

2 .METHOD. The EAS fluctuation distribution shapes have 
an essential sensi ti vi ty/ 1 / to the relative contributions of 
the live main nuclei groups : P ,</ ,M ,11 ,VH in the primary compo- 


sition ol the cosmic radiation with ultraliigh energy, but the 
information content could be derived with help of a compli- 
cated "noise" system/2 ,5/ .These fluctuation distributions 
can be treated as an invers problein/5 ,o/aiming to precise 
the information about the mass composition and to estimate 

the relative contributions w . of the j nuclei groups. 

aj / 

After this point of view/5 ,6/it is necessery to solve 
the invers problem starting from the equation: 


W . = T* . M . . . w 
i / r-r 1 aj 


j-d 
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where M. is the matrix of the model and apparatos "noises" 
i j 

for a definite model calculation of LAS development and for 

definite EAS experiment ( including detector types and arran- 

gment , algori thins of the data treatment and so on);W^ are the 

the number of showers with a definite K^= (N^/cN^Jand N =const 

^ Jri 

including the information in the i -been of the correspon- 
ding W(Ku )=W (N^/< N*>) experimental distribution also; w are 
' ' ' aj 

the relative contributions of the usual five ( j = 1 - 5 ) main 
primary nuclei groups with A= 1,4,14,26,52 in the primary 
energy interval E,E+dK. 

3. RESULTS AND DISCUSSIONS, Applying the statistical 

method of the invers problem solution .developed by V.Pavlju- 

chenko/ 7 /by the analysis of pseudoexperimental fluctuation 

distributions w(Ky^) it is shown/ 6 / , that the estimations . 

are model-independent in the ranges of the errors (j\. . if the 

a J 

condi tions | 06 ^^^ | •<. 0 .05 and (0/t/N^* ) < 0 .5 are satisfied* 

This is fulfiled for a big number of interaction models which 

describe eventhougli the main phenomenological EAS characteris 

tics ,particulary the muon-size dependence N^N 06 , where cL 

^ e cal 

is in ttie calculated relation N M /vN 1 and rV -the correspon— 

r e ^ex 

ing experimental value. 

The value (0/,/N^, ) depends on the interaction model and 
is conected with the shower maximum position over the obser- 
vation level in the studed energy range and is a principal 
limit for the method of analisis.In this collection an optimal 
observation level exists for each energy interval .where the 
method of the fluctuation distribution shape analisis gives 

the best estimations w for the primary mass composition. 

^ J 

The zenith angle interval , where the showers are regis- 


trated, plays an important role in the shower fluctuation in- 
vestigations .1 t is shown/ 8/ , that the muon flux fluctuations 
in the interval 0<6O° are not so informative as in 0<3O°, be- 
cause the differences between P and Fe shower fluctuations de- 
crease with 0(fig.l).But in the both cases, the relative change 
of (0/./N p) remains no more than 15 %, which is insignificant 
for the analysis of the fluctuation dis tributionshapes .Fur- 
ther , the expected differences between muon— size dependences 
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The relative primary 
nuclei group contributions 
w . obtained by the solution 
of the inverse problem are 
however distored by two fac- 
tors: 

1 ) the method of the 
inverse problem solution/6/; 

2) the efficiency of 
the registration of EAS, ini- 
tiated by primaries with di- 
ffei’ent atomic number A- in 
the selection of showers 

with fixed size N =const or 

e 

fixed muon number Ni»= const 

r 

at the observation level. 


l ife- 3 
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marks, we conclude that the 
energy interval 1 0 1 ^ - 10 *^ 
Tien-Shan data/ 10/, is mixed 
as that at lower energies: 


These two distortions are dis- 

cribed with the corresponding 

distortion functions: C( A ) and 

J 

E( Aj ) (fig. 4). It is shown, that 
the biggest systematical correc- 
tion is necessery for the w va- 

a j 

lue.The efficiency function E(A^) 
remains very weak for showers at 
observation levels not too far 
from the development maximum. 


4 .CONCLUSIONS . Taking into accoun 
all these considerations and re- 
primary mass composition in the 
eV, obtained on the basis of the 
and it remains rich on protons 


t 


A 

r. 

4 

14 

26 

52 


39—4 

13± 7 

lb ± 6 

17^6 

15—5 
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THE PRIMARY COMPOSITION BEYOND 10 5 GeV AS DEDUCED FROM 
HIGH ENERGY HADRONS AND MUONS IN AIR SHOWERS 

Peter K.F. Grieder 
Physikalisches Institut 
University of Bern 
Switzerland 

ABSTRACT 

We present data obtained from a large set of air shower simu- 
lation calculations using our highly refined hadronic in- 
teraction and shower simulation model, in an attempt to solve 
the problem of primary chemical composition beyond 105 GeV 
total energy. We discuss briefly that high energy hadrons in 
air showers offer a rather unique primary mass signature and 
show that the interpretation of high energy muon data is much 
more ambiguous. Our predictions are compared with experimen- 
tal data where such data are available. 

1. Introduction. The present work represents a search for observables 
and methods that would allow to identify unambiguously the mass group 
of a primary initiating a shower from either ground based or deep un- 
derground observations. We have shown in our early work (Grieder, 1977) 
that the significant information which requires the least number of 
simultaneous observables is to be found among the most energetic con- 
stituents of air showers. More recently we have shown that high energy 
hadrons in air showers observed at ground level offer a unique mass 
signature. We have also shown that these data in conjunction with expe- 
rimental results indicate that the chemical composition beyond 10 2 * * 5 * * GeV 
does not seem to change significantly from that at lower energies 
(Grieder, 1984). 

In the following we summarize the results of our work on the 
relationship between high energy muons and primary mass for the energy 
range from 10 5 GeV to 10 8 GeV and compare these data with our previous 
results based on hadrons. 


2. Model and Calculation. The present calculations are based on our 

two— component model for hadronic interactions which violates Feynman 

scaling in the central region and reproduces CERN pbar-p data very 
well. The calculations consider all significant particles and processes 

and include the electromagnetic component as well. The essential diffe- 

rences between proton and heavy primary initiated showers are due to 

the significant difference in the respective inelastic cross sections 
and in the high energy nuclear physics that governs the interactions. 

Both are considered in our calculations. For the nuclear physics 
aspects it is chiefly the fragmentation modi of the primary nuclei and, 
above all, the number of collision partners that are involved in nucle- 
us - nucleus collisions that are problematic. There our current know- 
ledge is still very marginal. 
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We have shown previously (Grieder, 1983) that it is chiefly 
this latter problem that troubles the interpretation of high energy 
muon data with respect to primary composition. In comparison to proton 
showers, it is the widely varying number of collision partners in the 
first few collisions of heavy primaries and their subsequent fragments 
with air nuclei that cause large fluctuations in the secondary particle 
multiplicity and in a number of other observables, such as the number 
of high energy muons per shower. In comparison to proton showers, the 
relative enhancement of muon production in heavy primary initiated sho- 
wers resulting from the greater height of the first interaction and a 
lesser energy per nucleon diminishes with increasing primary energy be- 
cause of the more rapid increase of the cross section for proton prima- 
ries in showers of comparable total energy, which rises the point of 
the first interaction of proton showers, thus stimulating muon produc- 
tion via pion decay. Furthermore, since the energy per nucleon of a 
proton primary is almost two orders of magnitude higher than that of an 
iron primary of comparable total energy, the central pion multiplicity 
is of comparable order of magnitude or larger than the combined 
multiplicity of fragmentation region pions from all first generation 
collisions of nucleons from iron nuclei and their fragments. 


3. Results and Conclusions. In the following we are presenting a set 
of muon data from our recent all-component calculations. The data are 
shown in figures la) to If) and cover a range from 10 5 to 10 8 GeV total 
primary energy, for proton and iron initiated showers. It was assumed 
that 10 nucleons of the primary nucleus interact in each of the first 
iron initiated interactions. Total fragmentation of the nucleus was 
assumed to occur in the first interaction. Other break-up modi have 
also been investigated, with the result that distinction between iron 
and proton showers was even less, as expected. 

For low energy muons the well known picture envolves which 
shows an increase of the muon number with primary energy that goes as 
energy to power 0.8, with the usual enhancement factor of about 2 or 
more for iron showers (c. f. figure la). However, for muon energies in 
excess of 100 GeV, relativistic effects in conjunction with the energy 
and mass dependence of cross sections change the trivial relationship 
at high primary energy. This becomes evident upon inspection of figures 
lb) through If). The cross-over of the two curves depends on muon 
energy, of course, as shown in figures Id), le) and If). 

Because of the multiplicity law on one hand and the competi- 
tion between interaction and decay of pions as a function of energy on 
the other, it is evident that pions from different rapidity regions are 
responsible for muons of a given energy group resulting from either 
proton or iron initiated showers of the same total primary energy. 
These facts in conjunction with the above mentioned high energy nuclear 
physics aspects govern the muon number in a particular energy group in 
proton or iron initiated showers. 

From the above considerations it is evident that a given muon 
detector, located at a particular depth underground, corresponding to a 
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certain energy cut off is only suitable for investigating a distinct 
primary energy range with respect to chemical composition. Moreover, 
because of the remaining ambiguities, data from at least two or more 
underground detectors located at different depths will be required to 
get a unique answer. Upon folding of the known primary energy spectrum 
with the multi muon rates, a coarse mass determination can be achieved, 
provided that the detectors cover an adequate area. Present underground 
installations are still marginal in size for reliable multi muon detec- 
tion. This point is discussed elsewhere (Grieder, HE 5.4-4, this confe- 
rence) . 



Primary Energy jpevj Primary Energy [Gev] Primary Energy [Gev] 


Fig. 1 Muon number versus primary energy in proton and iron initiated 
showers for different muon cut off energies, as specified. 

At lower muon energies experimentally observed correlations 
between muon number and primary energy (or shower size) have so far 
failed to manifest an unambiguous transition from a so-called normal to 
an iron rich composition at the expected location in the primary spect- 
rum, as is shown in figure 2. Thus we also conclude from these data 
that the composition is more likely to change little if at all, and 
that the bend in the spectrum is due to another cause. 
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ELECTRONS/SHOWER 


Fig. 2 Muon - electron correlations for proton and iron initiated 

showers. The dashed and solid lines are from our calculations. 
The full and open circels are experimental data from Tien Shan 
(Kabanova et al. , 1973 and Machavariani et al. , 1979), the 
triangular symbols from the Kolar Gold Fields (Acharya et al., 
1983). 

Lack of space does not allow us to summarize the hadron data 
here. For details on this topic the reader is referred to the earlier 
mentioned reference (Grieder, 1984). In spite of the fact that hadrons 
offer theoretically a more clearcut primary mass signature than muons, 
we fully realize that high energy muons have their experimental merits. 
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Institute of Nuclear Problems, todz r Poland , 

1. Introduction Due to tthe strong decrease of the energetic cos- 
mic ray flux Its direct detection at the top of atmosphere with 
air crafts is limited at the present time to about lO^Gev. The in- 
tensity of all primary particles ban be approximated in ftttos jrjuMge 
10 -lO^Gov by power Ftinctibih with power index 2 , .65» There are pre- 
dominantly protons (about 40 %)' and the rest is represented by se- 
veral groups of nuclei (He, C-N-0, mean and heavy nuclei). In the 
range of 10 — IG H Gev considerable disagreement, is observed between 
the estimations of the primary spectrum- that is most probably 
connected with the uncertainity of the indirect, derivation of the 
energy and the type of primary particles on the basis of ground 
parameters of extensive air showers* 

In this paper we will discuss our results for the primary spec- 
trum: in the range lO^-inS Gev, obtained by implication of EAS data 
fronr mountain altitudes- registered with.Tian Shan and Chacaltaya 
apparatuses. 

q p 

#• „ Energy spectrum of primary cosmic rays at 10 -10 Gev The mean 
energy of primary cosmic flux is obtained 1 on the basis of electron 
and muon size spectra of EAS, For that purpose we have simulated 
the development of electron and muon components In EAS initiated 
by primary particles with fixed energy and atomic number. It u*as 
assumed tha 'sa called high multiplicity model for hadron interac- 
tions, normal mass composition of primary particles that is the same 
as {below- 1.0 Gev* F ram the simulated showers we have constructed the 
fluctuation Histograms of the total electron number and that of 
muons in EAS for several values of primary energy and groups of 
nuclei .The histograms are approximated by Gamma distributions the 
parameters of which are represented as functions of primary energy. 
It allows to obtain the conversion factor , U, with which we can 
convert shower size in primary energy, needed in order'; to obtain 
theoretically fluctuation distributions of primary energies ..They we- 
re used to derive energy spectrum of all primary particles from the 
measured Intensities of extensive air showers with different elec- 
tron and muon size. It is compared in fig. I with the curve that is 
an approximation of the direct registration at lower energies. Our 
spectrum derive# •from' the measured electron size distribution of 
EAS at mountain altitide smootly links ths satelite data showing 
some tendency of a bump around I0 6 Gev* The spectral index is chan- 
ging from 2,4 to 2.76. In the same figure we have compared the 
corresponding estimation for primary energy spectrum of Nagano et 
al? obtained' on the basis of Akeno data. They give too low intensi- 
ties of the primaries most probably due to- ths relatively sfirsll 
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- F ig.l The all-particle energy spectrum f: dash line - approxima- 

tion of satellite and balcran data' (Grigorov et. sl3 o ) j 
3ACEE collaboration 4 £ ; thick line - present calculation 

on the basis of electron size spectrum; full line - present 
calculations for muon size spectrum;; dotted line - Nagano 
si aljj- fstimatlons on the basis of Akeno datar Khristianeen 
et al- x j Efimov et at 6 a ; La Points et al' ^ • 


sire of showers detected with fixed intensity. (As a ground para- 
meter they used' the number of electrons in the maximum of showers* 
S® faar as shower cascade ..curves are not determined around the ma- 
ximum in Akeno (920 g.cm~ j these authors have multiplied Akeno 
data by the ratio, R=»wCh / N Ch f taken frQW the Chacaltaya experi- 
ments at different zenith angled. 

Our primary spectrum derived from the muon size distribution 
disagrees with the measured spectrum at lower ensrgies.The high- 
multiplicity model predicts higher intensities of all primary par- 
ticles? fronr the converting of muon data. They do not link to: the 
intensities of cosmic particles with lower energies. Better con- 
sistency could be obtained if we assume ’.p new phenomenological 
model* with break ad Feynman scaling, because the latter gives 
smaller values for the mean energy of primary particles initiating 
showers with a fixed size than in the case of high-multiplicity 
model. Apart of that, our complex analysis of all muon dafcal gave 
also ground’ in favour of the new phenomenological model if we 
assume normal primary composition in the range 10 5 -10 8 Gev. How- 
ever, when we applied) the new phenomenological model for caleula- 
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fcian of electron 1 component characteristics and for convert! on of 
electron shower size in primary cosmic ray spectrum we obtain 
considerable disagreement. Ifc forced us to inspect both our model 
as sumptions for interactions and mass compositio o f cosmic rays. 


3» Discussion In order to clear up why the new' phenomenological 
model predicts slower development of the electron component of GAS 
whereas its predictions are fitting the muon data from different 
experiments we have to mention first of all that in the simulation 
of electron-photon cascades we assumed the upper value (37.7 g/ 
cm"" 2) of the radiation length. The latter is varying from 35 in 
different authors calculations. It is necessary to stress; also that 
unlike with the case of the muon comp orient, the electron component 
is governed predominantly by the very first pion interactions* 1 
occurimg at very high energies (^105 Gev). The highest accessible 
energies of the modern accelerators do not exceed 2.I0 5 Gev as. is 
the case of the SPS experiment in CERN with proton-antiproton colli- 
ding beams, g© fa* as pion interactions are not measured; at high 
energies we have adjusted their properties from the measurements 
with accelelBrators at lower energies. Analysing HAS data we made 
conclusion that some increase of the total inelastic cross section 


and the total coefficient of inelasticity in plon-alr nucleus colli- 
sions should provoke increase of the effective multiplicity and 
consequently faster development of the electron component in EAS. 
Similar conclusion we derive from the examination of the hadrom r 
component of EAS.In fact there are some experimental evidences 9 "rrom 
low energy accelerator experiments allowing to assume considerably 
pion interaction cross section and inelasticity at energies abovg_ 
lO^Gev. However , it must be poined out that several authors 
have already shown that such corrections only partly improve the 
consistency of the calculated properties; of electron and hadron 
components of EAS with experimental data. 

Tt is worth-while to note that there is without doubt un in- 
crease in the yeld of bairyon (and anti— b ary on) production ®t 
very high energies, observed; already In the SPS Collider experiment. 
TTonwar^ 9 finds in cosmic ray experiments strong evidence for such 


increase in the fraction of baryans with energy, the value reaching 
at least 15 % by 10- G©v* (The percentage of baryans In our calculao* 
Mans with high-multiplicity model had been neglected 1 whereas 
it was assumed to be about 10 % in the new phenomenological modal). 
It is certainly possible that the observed fast development of EAS 
above lD 5 Gev is partly due to the considerable baryon production that 
leads to shorter mean path of cosmic ray interactions Irr the air. 

A’t last we; can not dismiss high energy gamma rays in the pri- 
mary spectrum above lO^Gey. #1.1 gamma ray saurces detected at pre- 
sent time have energy spectra wkth power index about 1 in comparing 
with 2*6 of other particles* Thus, the / proton ratio may appro- 

aching 10—3 at 10 s 6ev * in this ; connection i% k the hypothe- 
sis of Wdowczyk and Wolf endale* 0 that about 30 objects as Cyg X— 3 is 
needed in the Galaxy to produce the bulk of the cosmic ray particles 
if as much energy went into particles as into gamma rays*Wowjaver 
in order to tbtaln as much muon as they are observed 1 in shower® ini- 
tiated by oarnirra rays emitted from; the specific sources (Cyg X-3 
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and Crab) we have to assume some convergence of the electro- 
magnet! cr crass section of photon production to that of the 
strong interaction pion production at too low energies (sav. 
about l05-10 8 Gev). 

Thais, we can conclude that the problem of determination 
of the energy and mass spectrumi of primary cosmic flux insists 
rtorttw** complex investigation of both particle interactions at 
iiiyti energies and the astrophysical mechanisms of different 
particles acceleration. 
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HIGH-ENERGY MULTIPLE MUONS AND HEAVY PRIMARY COSMIC- RAYS 

Mizutani, K. 

Department of Physics, Saitama University, Urawa, Japan 

Sato, T., Takahashi, T. and Higashi, S. 

Department of Physics, Osaka City University, Osaka, Japan 

Abstract 

The three-dimensional simulations have been 
carried out on high-energy multiple muons. On their 
lateral spread. the comparison with the deep- 
underground observations so far indicates that the 
primary cosmic rays seems to include heavy nuclei of 
high content. The calculated results also suggest us a 
method to determine the average mass number of primary 
particles in the energy around 10 15 eV. 

1. Introduction , r 

The cosmic-ray composition in the energy around 10 10 eV 
provides us with a useful clue to clarify acceleration and 
propagation mechanism of cosmic rays. However, the restriction 
of observation limits the direct measurements to a lower energy 
region. On the other hand, on the informations given indirectly 
from the observations of very high-energy phenomena in the 
atmosphere, the reliability has increased, because that the 
characteristic feature of high-energy interactions has been 
clarified by the scale-up of accelerators. 

According to a systematic study of gamma-ray family 
phenomena observed with emulsion chambers at Mt. Fuji(l).(2), 
which gives us one of those indirect informations, the heavy- 
nuclei content seems to increase in those energy region. This 
feature is consistent with some observations of extensive air 
showers(3). In order to investigate further this feature, as 

described in the previous report(4), we carried out the Monte 
Carlo simulations on high-energy multiple muons, and compared 
with the experimental results of deep-underground observations 
(5), (6). On the lateral spread of multiple muons, which is not 
much affected by experimental bias, the observations coincide 
with those calculated under the assumption of the primary cosmic 
rays with heavy nuclei of high content. For the purpose of the 
further examination, our simulation study has been continued with 
the same method. The results suggest us one of a method to 
determine the average value of mass number of cosmic rays at very 
high energy. 

2. Simulations 

The three-dimensional Monte Carlo simulations have been 
carried out on the high-energy multiple muons which are produced 
in the upper layer of the atmosphere and reach to the sea level 
and also to the point of great depth underground(4) . 
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On the nature of hadron interactions in the atmosphere, it 
is assumed in the simulations that the Feynman scaling is held in 
the fragmentation region of particle production and the collision 
cross ^ection increases as increasing of energy corresponding to 
the In s dependence. In the nucleus-nucleus collision, some of 
nucleons in the incident nucleus interact with the target 
nucleons and induce multiple productions of pions and kaons. The 
remaining part of the incident nucleus breaks up into lighter 
nuclei and nucleons according to an assumed fragmentation 
probability. In the above assumptions, we adopt almost the same 
model parameters as those used in the simulations(5) , (6) by which 
the observed feature of gamma-ray families at Mt. Fuji was 
investigated. The decay probability of charged pions and kaons 
into muons depends on the atmospheric density. The structure of 
the atmosphere is determined on the basis of the US standard 
atmosphere. Also, the effects are taken into account of energy 
losses and of geomagnetic field. 


3. Results and discussions 


The lateral distribution of muons in the simulated phenomena 
was compared with the experimental results of multiple muons 
obtained at the great depth underground(7),(8) in the previous 
report (4). The comparison is shown again in Fig. 1. The 
parameter of lateral spread r Q has been determined by assuming 
plr) expressed as the linear exponential form 
As increasing of mass number of primary particles, 
height of 


muon dens i ty 
exp(-r/r f) ) . 
the average 
muon production 

increases, and then the 
lateral spread of 
multiple muons broadens. 
The experimental results 
on the lateral spread 
prefer the hypothesis of 
the primary cosmic rays 
including heavy nuclei of 
high content to the 
proton-dominant case. 
This feature agrees with 
the information obtained 
from the emu Is ion- chamber' 



experimentd ) , (2) . By 
using the above 
comparison. one may 
determine the average 
mass number of primary 
particles. The lateral 
spread, however, depends 
on cross section and 


Fig. 1. Energy dependence of the parameter of lateral 
spread for constituent muons in the multiple-muon 
phenomena(4) . The solid curves represent the 
simulation results for various values of the threshold 
energy of muons at sea level E. Two cases are shown of 
primary cosmic rays: the proton-dominant tP) and the 
heavy-nucleus-dominant (M) cases. The circles indicate 
the experimental results at the Kolar Gold Fi elds f 7) 
(the open circles) and at the Homestake Gold Mine(8) 

( the solid circles) . 


transverse momentum of interactions. The obtained value of mass 
number only by the above comparison is. therefore, influenced by 
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their dependence on energy, and includes ambiguity in the 
assumptions of the calculations. 

The figure of energy spectrum of constituent muons in a 
phenomenon also depends on the mass number of primary particles. 
The characteristic feature differs with distance from the center 
of the phenomenon. The spectrum in the case initiated by a heavy 
nucleus relatively steepens compared to that of a light-nucleus 
case. In the restricted region within a certain radius near the 
center, this tendency is much evident. To the contrary, in the 
region far from the center, the opposite tendency appears. In 
the intermediate region, the spectral figure does not depend of 



Fig. 2. Integral energy spectra of constituent muons in the 
multiple-muon phenomena. The circles indicate the simulation 
results observed at sea level in various ranges, r < 2 m (a), 2m 
< r < 6 m (b) and 6 m < r < 10 m <c>. for the cases initiated by 
protons (the open circles) and iron nuclei (the solid circles) 
with the energy from 10 3 eV to 10 lb eV. 

the mass number of the primary particle. This feature is shown 
in Fig. 2. These characteristics allows us to devise a method 
for determining the average mass number of primary particles. 
Foe example, if one detects high-energy multiple muons associated 
with extensive air showers, and measures the energy of their 
constituent muons in the high-energy region, then he may take the 
spectra of those muons in various ranges as shown in Fig. 2. The 
reliability of the calculation and the applied assumptions would 
be confirmed by examining an agreement between observed and 
calculated values in the intermediate region where the spectral 
form does not depend of the mass number of primary particles. 
The distance of that region shifts according to the assumptions 
for cross-section value and average transverse momentum, and also 
the spectral form in that region varies according to the 
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production spectrum in the fragmentation region of hadron 
interaction. If the assumptions were not appropriate, the 
observed results would not coincide with the calculated ones. 
After the above examination in the intermediate region, a 
comparison is made of the observed spectral form with the ones 
calculated for various nuclei of primary particles in the central 
region. Evaluating the possibility. for example, in the 
observation 2 °f about 3 years using a TeV-region spectrometer of 
about 20 m in scale observing muons with an air-shower array, 
the average mass number of primary particles can be determined 
with an accuracy of about 50 % in the energy around 10 ^eV. 
Considering the current situation that the direct observation is 
not much easy, this is one of the methods to be investigated for 
the measurements of composition of primary particles. We also 
anticipate the results on high-energy multiple muons obtained 
from the huge detecters of proton-decay experiments at deep 
underground, to be compared with our calculated results. 
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COMPOSITION OF PRIMARY COSMIC RAYS NEAR THE KNEE 
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Tata Institute of Fundamental Research, Bombay 400005, India 


Abstract 

The size dependence of high energy muons and the size spectrum 
obtained in the KGF air shower experiment suggest that the mean mass 
of cosmic rays remains nearly constant at a/ 15 upto 5 x 10 6 GeV and 
becomes one beyond. The composition model in which nuclei are removed 
at 7.5x10^ GeV/nucleon due to photodisintegration and the proton 
spectrum steepens at 6.7xl0 6 GeV due to leakage from the galaxy, which 
explains the KGF data, is shown to be consistent with data from 
other experiments also. 

Introduction 

Data on various components on EAS from different experiments seem to 
suggest models of primary cosmic ray composition which are completely at 
variance with each other. The dependence of number of high energy muons on 
shower size together with the size spectrum from the KGF experiment 1 
suggests that the mean mass number remains nearly constant upto about 
4xl0 6 GeV and becomes 1 beyond. The size dependence of 5 GeV muons and their 
fluctuations from the Tien Shan experiment 2 indicate that the composition 
remains unaltered over a wide range of primary energies which covers the 
knee in the primary spectrum. The elongation rate derived from early 
Cerenkov measurements 3,4 anc j observations on the fraction of delayed had- 
rons*^ have been interpreted in terms of an iron-rich composition near the 
knee, resulting from rigidity cut-off with a critical rigidity 10-* GV. 
Here we show that a composition model in which nuclei are removed due to 
photodisintegration near the source itself and the proton spectrum steepens 
due to leakage from the galaxy at a much higher energy, which explains the 
KGF data, can also account for most of the other data, if proper account is 
taken of the systematic effects in various experiments. 

Composition from the KGF data 

The N^ -N e dependence of muons of energy > 220 GeV and the size spec- 
trum from the KGF experiment 1 are shown in Fig. 1. Acharya et al 1 have shown 
that the muon data does not agree with the rigidity cut-off model 6 with a 
critical rigidity of 10^ GV and extragalactic protons becoming dominant 
at 10^ GeV, which predicts an increasing mean mass number with shower size 
in the size region 10^-4. 10** and a high mean mass number at higher sizes. 

An important feature to be noted from Fig.l is that the discontinuity in 
the N e dependence occurs at a size (4.10-*) which is a factor of 5 smaller 
than that at which the size spectrum steepens (2.109). In the lower size 
region, the mean mass number seems to be independent of size since the 
experimental slope of N^-N e dependence agrees with the prediction for a 
constant composition. The data suggests a pure proton composition above 
a shower size of 10 6 . 

These features can be understood in a model suggested by Chatterjee7 
in 1964, which is a modification of Peters' rigidity cut off model. In 
Chatterjee's model, the galactic component undergoes rigidity cut off at a 
critical rigidity of 3.10 5 GV and a pure proton extragalactic component 
becomes dominant a t 2.10 6 GeV wel1 before the cut energy for iron nuclei. 
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An essential feature of the model is that the mean mass number is not 
allowed to increase with energy in the region where the composition is 
changing, by bringing in the extragalactic protons well below the iron cut- 
off energy . The difficulty with this model is that, apart from the need to 
exactly match the two proton components to yield a smooth spectrum, the 
energy dependence of the anisotropy 8 is difficult to understand. Also, the 
JACEE proton spectrum does not show any steepening upto 6.10 5 GeV. The 
photo-disintegration model suggested by Hillas^ in which nuclei are 
removed in the source itself at ** 10^ GeV/nucleon due to photodisintegra- 
tion and protons suffer severe energy losses at a few times 10 6 GeV due to 
photo pion production can also explain the data since protons continue 
almost upto the iron cut-off energy. Again the anisotropy is difficult to 
understand in this model, if the knee in the primary spectrum is due to 
energy losses in the photo pion production process. 

Incroporating the good features of the two models, we propose the 
following model. Nuclei are removed due to photodisintegration at an 
energy/nucleon of 7.5x10^ GeV, as in Hillas' model. Upto this energy, the 
spectra of various components are, as given by JACEE measurements^. expre- 
ssed as K-E-Z.68 dE, with K = 1.29,0.76,0.90,0.35 and 0.57 for mass numbers 
1,4,14, 26 and 56. The iron spectrum is taken as the difference between the 
all particle flux from the Tien Shan experiment!! (which agrees with the 
Grigorov all particle spectrum) and the sum of all components from JACEE. 

The spectral index of protons increases by 0.5 at 6.7xl0 6 GeV due to leak- 
age from the galaxy. The values of the critical energies are estimated by 
identifying the discontinuity of -N dependence at 4xl0 5 as due to 
removal of iron nuclei and the stefepening of the size spectrum at 2.10^ 
as due to leakage of protons and using the scaling model with rising cross 
sections!?. Cosmic rays upto 1 q! 0 GeV are of galactic origin. The aniso- 
tropy can be understood as due to leakage of protons. There is no need for 
a second component. The spectra of various components and the all particle 
spectrum according to this model are shown in Fig. 2. The Tien-Shan spectrum 
is higher than the model since they use the same composition to derive the 
primary energy spectrum over the energy region where it is continuously 
changing according to this model. The mean mass number and percentage of 
iron as a function of primary energy (a) and size at 920 g/cm 2 (b) in this 
model are shown in Fig. 3. It can be seen that the mean mass remains nearly 
constant even though the composition is continuously changing upto 4xl0 6 GeV 
(N* 5xlCP) and becomes 1 beyond. The percentage of iron reaches a maximum 
of 32% at 4x10^' GeV and then falls off to zero,. The proton fraction also 
increases with energy. Obviously, this model explains the N^ N e dependence. 
The size spectrum.?at 920 g/em 2 expected from this model is compared with the 
KGF data in Fig.4(Curve b). The first three experimental points are corrected 
for detection efficiency of flat showers and shown as filled circle. The 
agreement is obvious. Curve (a) is for the same model, but the spectral index 
for all the components is 2.72 with intensities normalised at lOOGeV/nucleon. 
Thus, the present model, with the spectra mentioned earlier, explains the 
KGF data. 

Comparison with other experimental data 

Estimates of the position of shower maximum, t m , from measurements of 
pulse profile^ and lateral structure of Cerenkov photons^ in small showers 
have indicated iron-rich composition in the energy region 10 6 -10 7 GeV. The 
measurements of pulse profiles have been shown to be subject to the systema- 
tic errors 1 ^ 14 and thus may not be reliable. The values of t m obtained from 
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lateral structure are systematically smaller than those from pulse profile meas- 
urements suggesting that they also may be subject to systematics. Recent measu- 
rements^, 16 using large areas of photomultipliers and triggering with Ceren- 
kov light itself, thus being relatively bias-free,are shown in Fig. 5 along with 
earlier measurements at higher primary energies, which do not seem to have such 
systematic effects.lt can be seen that these new measurements do not show the 
abnormal elongation rate and do not require an iron-rich composition. In order 
to see the change of composition in this model , accurate measurements over a 
wide energy range from a single experiment are required. 

The composition derived from delayed hadrons5 relies heavily on Monte 
Carlo simulations. Even though the authors paid careful attention to the details 
of the simulation, some of the factors, such as the neglect of nuclear target 
effects, a cut off energy of 3 GeV for hadrons in the simulations together with 
the finding of Mincer et al* 7 that low energy hadrons do produce large signals 
at a surprisingly large rate, would result in a IsSfger fraction of delayed had*, 
rons in both proton and nucleus initiated showers, thus reducing the requirement 
of iron from 40% at 106GeV. Thus the present model, which predicts the iron abun 
dance to increase with energy, with a value of 25% at lO^GeV, would be in agree- 
ment with their data. The Tien Shan data on low energy muonsll , which requires 
unchanging composition, is however difficult to understand in this model. 
Conclusions 

The composition model in which nuclei are removed at 7.5xlO^GeV/nucleon in 
the source and proton spectrum steepens at 6.7xlO^GeV due to leakage from the 
galaxy explains most of the EAS data. Study of anisotropy of suitably selected 
mu-rich showers can distinguish between the photo disintegration and rigidity 
cut off models, since the former does not predict any anisotropy for nuclei 
near the cut off energies. 

References 

1. B. S. Acharya et al, , Cortf. Papers 18th ICRC, Bangalore ,J?, 191 (1983). 

2. I. N. Kirov et al, Proc. Int. Seminar on Cosmic Ray Cascades, Sofia, 61(1980) . 

3. G. Thornton and R. Clay, Phys. Rev. Lett. 43, 1622 (1979). 

4. A. A.. Andam et al, Phys.Rev.D_26, 23 (1982). 

5. J. A. Goodman et al,Phys. Rev. D26 , 1043 (1982). 

6. R. Cowsik et al, Conf. Papers, 17th ICRC, Paris, 2 , 120 (1981). 

7. B. K. Chatterjee, Ph.D. Thesis, University of Bombay ,1964(Unpublished) . 

8. J. Linsley, Conf. Papers, 18th ICRC, Bangalore,]^, 135 (1983). 

9. A. M. Hillas, Conf. Papers, 16th ICRC, Kyoto, 8, 7 (1979). 

10. T. H. Barnett et al, Phys. Rev. Lett. ,51,1010(1983) ; Proc. Int. Symp. on Cosmic 
Rays and Particle Physics, Tokyo, 468, (198.4). 

11. 1. N. Kirov et al, Copf. Papers, 17th ICRC, Paris ,2_, 109 (1981). 

12. B. S. Acharya et al,Conf. Papers, 16th ICRC, Kyoto, 9 _, 109 (1979). 

13. K. J. Oxford and K. E. Turver,Phys. Rev. Lett .44, 959 (1980). 

14. M.V.S. Rao, Proc. Int. Workshop on Very High Energy Gamma Ray Astronomy, 
0otacamund,197 (1982). 

15. T. A. Alimov et al, Conf. Papers, 18th ICRC, Bangalore ,11, 387 (1983). 

16. N. Inone et al, ibid, p. 402. 

17. A. I. Mincer et al, Conf. Papers, 18th ICRC, Bangalore, 9^,383 (1983). 



F(N) (rn 2 s'sr' , ptt V ^ _ FtEJE^ m* s'sr 



Shower Size, N 



Fig. 2 


Fig- 4 


Fig. 3 


TOTAL ENERGY (G*VJ 


of Shower Moximumfg cm 2 ) 



Fig. 5 








230 


OG5.2-11 


EAS CERENKOV MEASUREMENTS OF THE COMPOSITION OF 
THE COSMIC RAY FLUX AROUND 10 16 eV 

B.R. Dawson, J.R. Prescott and R.W. Clay. 

Physics Department, University of Adelaide, South Australia 5001 

1. Introduction Information can be obtained about the nature of a 
primary cosmic ray by looking at the way in which an EAS develops in the 
atmosphere. Thus, heavy nuclei will give rise to showers that develop 
high in the atmosphere and the depth of maximum development will be 
subject to much smaller fluctuations than will be the case, say, for 
showers originating from protons. This development can be followed 
directly by optical methods based on the observations of Cerenkov light 
or fluorescence light. In the case of Cerenkov observations, there are 
two complementary techniques: measurement of the time profile of the 

Cerenkov pulse with resolution of a few nanoseconds and measurement of 
the lateral distribution of the Cerenkov light. In each case the 
measured quantities must be related to some characteristic development 
parameter, such as the depth of maximum, by means of theoretical. Both 
techniques are complementary and ideally, simultaneous measurements on 
both would be desirable but, so far little has been done along these 
lines. 

At the time of the Bangalore Conference it seemed clear that for 
energies above about 10* 7 eV the depth of maximum changes slowly with 
energy at an elongation rate of about 50 gem -2 per decade but that xn 
the energy interval 10 16 eV to 10 17 eV the elongation rate becomes much 
larger and, in the decade below 10^®eV , the depth of maximum is much 
deeper in the atmosphere than would have been expected on the basis of 
the shower behaviour at higher energies. Comparisons with calculations 
based on a scaling model with rising cross sections suggest that this 
behaviour can be accounted for if the primaries are of a mixed 
composition but that in the energy region 10 15 to 10 16 eV the primaries 
are predominently iron, although the data from Samarkand (Alimov et al 
1983) would be compatible with a mixed composition. The situation at 
somewhat lower energies, 10^-^— 10^®eV , is less clear, largely because of 
the difficulty in observing in this energy region, but there is a 
suggestion that the composition may be approaching the mixed composition 
that is well-known from direct measurements in the energy region 
accessible to balloons and satellites. 

2. The experiment The present paper describes measurements on the 

lateral distribution of Cerenkov light from EAS in the energy 
region 10 15 to 5xl0 16 eV which were carried out at the Buckland Park 
field station of the University of Adelaide in association with the 
particle array. There were nine Cerenkov light detectors consisting of 
open-faced EMI 9623B photomultipliers with broad collimation. Their 
location is shown in figure 1. The overall arrangements for the 
experiment were therefore similar to those described by Kuhlmann and 
Clay (1981) but differed In having ja better signal— to— noise ratio, 
better stability and calibration and in being more automatic in 
operation. 
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Figure 1: The Cerenkov lateral 

distribution array with the 
elements of the Buckland Park 
particle array used in the 
experiment. 


The data were collected on clear 
moonless nights from October 1983 to 
March 1984. The Cerenkov recording 
system was triggered by the particle 
array which was also used to assign 
shower size, core location and arrival 
direction to each event. The 

triggering requirements were 

coincident signals corresponding to >2 
particles m — 2 in three of the central 
five (ABCDE) detectors. During 103 hr 
recording time, 9575 of these particle 
events were recorded. A total of 1279 
of these events was selected for the 
purpose of measuring the Cerenkov 
lateral distribution. These showers 
arrived within 35 degrees of the 
zenith, were well-analysed in terms of 
the particle data and possessed at 
least 5 Cerenkov densities. This 
selection put a lower limit on the 
acceptable shower size at about 
10 5 particles. 

particle array for triggering is not ideal 
an a priori selection bias towards late- 
in the present case the selection biases 


3. Analysis The use of the 
because there is necessarily 
developing showers. However, 
associated with the particle array and its analysis procedures have been 
investigated by an extensive series of simulations. The data below are 
compared with model calculations in which the actual selection 
properties of the, array and the analysis procedures are included. 


In our interpretation of the measured lateral distributions we have used 
the calculations of Patterson and Hillas (1983b) which show that the 
shape of the lateral distribution within 150m of the shower axis is 
sensitive to shower development. Outside this radius the shape is not 
so sensitive, and the flux at a large radius is a measure of the energy 
of the primary particle. Ideally, this radius should be >200m , 
although for small showers it is often only possible to measure the 
lateral distribution out to ~150m . The flux at 150m is still expected 
to be a measure of the primary energy, but it will be subject to larger 
fluctuations than the flux at a larger radius. Patterson and Hillas 
suggest that the flux ratio Q(50m)/Q(150m) (as suggested by Andam et al 
1982) is the best measure of the shape of the lateral distribution 
inside 150m. They have related this parameter to 1^ , the distance 
along the shower axis to shower maximum. We have fitted exponentials of 
the form Q(r) = A exp(-br/10 4 ) to our data for 25m<r<150m and have found 
them to be good fits. Indeed, in the majority of cases the exponential 
is also a good fit at larger radii. Using these fits, the ratio 
Q(50)/Q(150) was found for each event and hence H m . Knowing the zenith 
angles of the shower axes, depths of maximum were derived assuming an 
exponential atmosphere with a scale height of 8.0km. 


The 1279 showers analysed in this manner have been binned in a variety 
of ways. Figure 2 shows the data plotted as depth of maximum (DOM) vs 
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the equivalent shower size at a depth of 1000 gem ^ , N e (1000) , the 
latter being calculated from the observed size and a shower attenuation 
length of 185 gem -2 (Clay and Gerhardy 1982). Alternatively, the data 
may be binned in terms of a primary energy estimator. Here we use the 
Cerenkov flux at a distance of 150m from the shower axis, Q(150), as 
shown in figure 3. In both cases, the error bars represent standard 
deviations within the bins. Figure 3 shows that in terms of energy 
there is a bias towards the selection of late developing (large DOM) 
showers. This bias is not so obvious in figure 2 which is based on 
shower size. In this case there appears to be sufficient mixing of low 
energy showers to mask this effect. 

The experimental distributions were interpreted using Monte Carlo 
simulations of proton and iron-produced showers in which the selection 
effects of the particle array were taken explicitly into account. (We 
believe that there is no significant bias specifically associated with 
the Cerenkov array). In these simulations, shower energies were 
selected from a broken-power-law energy spectrum between 10 13 and 
10 18 eV. A depth of maximum for each shower was selected using the 
distributions given by Protheroe and Patterson (1984). Given a DOM, the 
sea level size of the shower was calculated by assuming the 
E p - N e (max) conversion given by Hillas (1983) and by using, a shower 
development profile given by Patterson and Hillas (1983a). The 
simulated showers were then allowed to fall on the particle array using 
appropriate zenith and azimuth angle distributions and those showers 
which triggered the array were reanalysed for core position and shower 
size using the same shower analysis program as was used for the 
experimental data. Thus, provided that selection biases exist only for 
the particle array, the simulated data are now directly comparable with 
the experimental distributions. Figures 4 and 5 show selected 
simulation results. Here again the error bars represent standard 
deviations, which reflect the fluctuations in the DOM. The bias imposed 
by the array is especially evident in figure 5. The only showers 
observed below 10 15 eV are late developing proton events. 

In our attempts to match the experimental DOM vs N e (1000) distribution, 
a number of mixtures of proton and iron-produced showers was tried. It 
was found that a mixture of 95% Fe and 5% P produced a distribution 

consistent with the data (fig. 2). This mixture also produced an agreement 

in the energy representation when a particular Q(150) — Ep assignment 
was made (fig. 3). It is noted that it is not necessary to invoke a 

changing composition across the energy range in question in order to 

match the data. Unfortunately there are not sufficient data in the high 
energy region to see the expected effect of a change in composition back 
to predominantly light nuclei above about 3xl0 16 eV. (e.g. Nagano 1983). 

Thus we conclude that, having used simulations which include a realistic 
model of longitudinal development and the effects of particle array 
selection bias, we find that our data are consistent with a cosmic ray 
primary composition rich in iron over the energy range 3x1 0 1 5 to 
5xl0 16 eV. 
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Figure 2 and Figure 3: Experimental distributions of DOM vs. N e (1000) 

and primary energy estimator Q(150). Error bars in each figure 
represent standard deviations ‘ and the numbers indicate the number of 
events in each bin. The dashed lines and hatched regions represent the 
means and standard deviations of simulated data (95%Fe,5%P) (see text). 
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Figure 4 and Figure 5: Simulated distributions of DOM vs. N e (1000) and 
primary energy Ep which take into account array selection biases. Error 
bars indicate standard deviations. The dashed lines in figure 5 
represent the input distributions of mean DOM from Protheroe and 
Patterson (1984). 
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COMPOSITION OF PRIMARY COSMIC RAYS IN 10 15 ^ 10 17 eV 
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Department of Physics 
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ABSTRACT 

With a view to estimating the relative intensities of 
protons and heavy nuclei in primary cosmic rays in the 
energy region 10 15 't 10 17 eV, a systematic comparison 
has been made between all available observed data on 
various parameters of EAS with the results of simulation. 

The interaction model used is an extrapolation of 
scaling violation indicated by recent pp collider 
results. A composition consisting of various percentages 
of Fe in an otherwise pure proton beam was assumed. 

Greatest overall consistency between the data and the 
simulation is found when the Fe fraction is in the region 
of 25% . 

1, Introduction Direct measurements of the composition of the 
primary cosmic ray beam have by now been extended to particle energies of 
the order of 10 14 eV. It seems clear however that above this energy only 
indirect estimates will be available for a long time to come. These high 
energies are however of the greatest astrophysical interest; the knee in 
the primary spectrum at 3 10 T5 eV is already known for over a quarter of a 
century yet its significance is still far from clear, whether it 
represents a source feature, a propagation effect, a reflection of changes 
in hadronic interactions or some combination of these. In particular 
data from different types of experiments conflict so that, even in the 
propagation effect scenario, it is problematical whether the knee at 

3 10 13 V represents the rigidity at which leakage effects start setting 
in, or have already terminated [1], The present report is confined to 
the region above the knee, and attempts on the basis of an assumed model 
for high energy interactions and reported measurements on various E.A.S. 
parameters (excluding time profiles) to find a composition most consistent 
with all the data. The basic approach is simple minded i.e. to add 
varying amounts of Fe to an otherwise pure proton beam and compare the 
characteristics of simulated showers with experiment. 

2. Calculations The model for hadronic interactions used incorporates 
scaling violation [2] for the leading particle at energies greater than 
210 13 eV, and radial scaling for other distributions. The inelastic cross- 
section for hadron collisions is assumed to increase with energy, and the 
influence of the target air nuclei on inelasticity and multiplicity, as 
evidenced by recent accelerator data, have been taken into account; more 
details of the model can be found in paper HE4.3-12 at this conference. 

We note that although this scaling violation model has been adopted as a 
plausible, and consistent, framework for the calculations it is not 
above criticism [3]. 

Three dimensional Monte Carlo simulations for proton and Fe 
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nucleus initiated events with primary energies in 10 15 - 10 17 eV were 
carried out. Log-normal distributions in different quantities, with 
variances as determined by the simulations, and a primary differential 
spectrum of slope -3.0 were used to relate parameters at fixed shower 
size (as measured) with the simulations at fixed primary energy. In 
establishing longitudinal development profiles of electrons and muons 
when more than one primary species is present, for comparison with equi- 
intensity cuts, the approximate method described in paper HE4.3-12 was 
used. 


The quantities investigated so far are the fluctuations in muon 
size o N p/<N^>, Ny vs. Ne correlations, electron longitudinal development, 
muon longitudinal development and lateral distribution. This roughly is 
the order of their sensitivity to primary composition; the ratio 
a Ny/ <N y > a l though it varies most is also however ambiguous in some regions, 
while the muon lateral distribution is almost independent of primary mass 
and will not be considered further here. The muon longitudinal 
development, as reflected in equi-intensity cuts is considered in greater 
detail in paper HE4.3-12 at this conference. 


3. Results The data on electron size equi-intensity cuts used were: 
Chacaltaya (550 gem -2 ) intensities 10 -6 , 10 -7 , 10 -8 , 10 -9 and 10 -1 °m -2 , 
s ~l sr_. Tien Shan (690 gem -2 ) 10 -6 , 10 -7 , 10 -8 and Akeno (930 gem -2 ) 
10 ,10 , 10 8 , 10 9 , 10 °. A comparison of these data with some 

results of the simulations (taking the coefficient in the integral 
primary 



Fig.l The longitudinal 

development of electrons 
from equi-intensity cuts 
for various compositions 
compared with observed 
points (A = 2.510 6 ) 
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spectrum A = 2.5 10 6 [4]) are shown in fig.l. In the belief that the 
shape of the experimental curves may be more reliable than the 
determination of absolute sizes, a normalisation of the simulated curve 
i.e. a revision of A, to each experiment has been carried out by 
requiring the value of y 2 (normalised) , calculated using the data of the 
experiment and the simulated curve, to be a minimum (the variance in both 
the data and simulation results being allowed for) . For each of the 3 
experiments such minimum values of y 2 have been obtained for each of 4 
compositions i.e. pure protons, 25% Fe, 50% Fe and pure Fe. 

Exactly the same procedure was carried out for the data on muon 
equi-intensity_cuts: Chacaltaya at 10~ 8 and 10" 9 m' 2 s" 1 sr" 1 , Tien Shan 

at 10 7 and 10 8 and Akeno 10 8 and 10 9 , each composition yielding 6 
values of minimum y 2 - some data are shown in fig. 3 of paper HE4.3-12. 
Direct comparison was also made with N y vs Ne curves derived at Chacaltaya, 
Tien Shan, Akeno and Moscow - an example is shown in fig. 2, and with the 
dependence of c? N y/<Ny> on shower size as determined at Tien Shan, Akeno 
and Moscow - the comparison with Akeno data is shown in fig. 3. In this 
way 7 further y 2 values are obtained for each composition. 



*• 

Fig. 2 Comparison of N y vs N e data 
at Tien Shan [5] with 
simulations . 



Fig. 3 Muon size fluctuations at 
Akeno [6] compared with 
simulations . 


The distributions in y 2 for the four assumed compositions are 
shown in fig. 4. The median values of y 2 are given in the table. 
Generally the longitudinal developments favour very small admixtures of 
Fe, the major exception being the lowest energy Chacaltaya data - long 
known to be somewhat different; it is best fitted by a composition of 
pure Fe. The various N y vs N e dependences as well as the muon 
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Composition 

pure p 

25%Fe 

50%Fe 

100%Fe 

y 2 median 

0.96 

0.62 

0.82 

7.51 


fluctuations would generally favour somewhat more Fe. However, as the 
table indicates, when viewed overall a proportion of 25% is most favoured, 
if not very convincingly. 

In the above considerations only the shapes of the equi-intensity 
curves were considered. If we turn to absolute values and take a 
coefficient A = 3.75 10 6 (cf. A = 2.5 10 6 in [4]) in the primary spectrum 
(this will lead to agreement between the electron size at shower maximum 
at J = 10 10 m 2 s *sr 1 at Chacaltaya, where least sensitivity to the 
nature of the primaries exists, see fig.l), consistency with muon 
longitudinal developments, for any composition, can only be obtained by 
assuming systematic errors in muon size determinations. These are not 
serious for Tien Shan or Akeno(in magnitude 20%) but for Chacaltaya 
suggests overestimates, of muon size up to a factor of 2. Adjusting 
observed muon sizes to be consistent with the intensity, values of y 2 
were again obtained for Ny vs Ne relations, and o^y/<Ny>. The general 
effect is to favour somewhat more Fe than 25% but the difference is not 
very great . 
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ABSTRACT 

Arrival directions of air showers with primary energies in the range 
10 16,5 eV to 10 18,0 eV show the first harmonic in right ascension(RA) with 
amplitude of 2. 7+1.0% and phase of 13-16h. However, the second harmonic 
in RA slightly seen for showers in the range 10 18 * 8 eV to 10 18 * 8 eV disap- 
peared by accumulation of observed showers. The distribution of arrival 

1 c 

directions of low-mu air showers with primary energies around 10 eV ob- 
served at Chacaltaya from 1962 to 1967 is referred to, relating to the 
above-mentioned first harmonic. 

Also presented in this paper are arrival directions of old-age low- 
mu air showers observed at Chacaltaya from 1962 to 1967, for recent in- 
terest in gamma-ray air showers. 

1. Arrival directions of large air showers 

Arrival directions of large air showers observed at Mt. Chacaltaya 
(16°20' 52"S in latitude and 68°7'57"W in longitude, 5200m a.s.l. or 550 
gem 2 atmospheric depth) until 1979 were reported at the Paris Conference 
(1) . In the present paper we report on arrival directions of large air 
showers observed at Chacaltaya until 1984. The air-shower array and the 
detectors after 1979 were same as those described in the previous paper 
(1) . Procedures to determine the arrival directions (0 ,<j>) and the electron 
sizes (N e ) as well as the uncertainties for showers observed after 1979 are 
also same as those described in the previous report (1). The primary ener- 
gies (E q ) of showers observed after 1979 were determined from a relation 
between E q and N e at the maximum development (r^ raax ) given as E o (eV)=2.0x 
10 9 (eV) .% max described also in the previous report (1), N e max was esti- 
mated from N g and the effective atmospheric depth where the shower was 
observed (55Ogcm -2 xsec0) , following the longitudinal development of elec- 
trons determined at Chacaltaya(2) . 

^Present addres : Graduate School of Science and Technology , Kobe University 
, Nada, Kobe 657, Japan 

**Present addres: Department of Physics, Meisei University ,Hodokubo 337, 
Hino-shi, Tokyo 191, Japan 
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Table 1 and 2 show the results of harmonic analyses in right ascen- 
sion of the arrival directions of showers with zenith angles smaller than 
60°. In the tables , figures in upper row correspond to the first harmonic 
and those in the lower row correspond to the second harmonic. As is seen 
in tables 1 and 2, the first harmonic is predominant at primary energies 
in the range 10 2 * * * * * * * * * * * * * 16 » 5 eV to 10 18 »°eV as was seen for showers observed until 
1979(1). However, the second harmonic slightly seen for showers observed 
until 1979 with primary energies in the range 10 18 . 8 eV to 10 19 .°eV dis- 
appeared by including the showers observed until 1984. 


Table 1. 


Energy 
(E n in eV) 

Number of 
showers 

Amplitude 
(r in. %) 

Phase 
(in hobr) 

k o 

p(>r) 

period 

10 16 * 5 -10 17 «° 

17477 

2 . 7± 1.1 
1 . 2± 1.1 

13.111.5 

11.2+2.8 

3.11 

0.61 

0.05 

0.55 

1981 

-1984 

10 17 .°-10 17 - 5 

12914 

2.6± 1.1 
0.9± 1.2 

15.511.7 
0.2+3. 6 

2.21 

0.28 

0.11 

0.76 

1977 

-1984 

10 17 - 5 -10 18 -° 

3372 

4. 9± 2.4 
1 . 9± 2.4 

16.3+1.8 

10.013.5 

1.99 

0.30 

0.14 

0.74 

1977 

-1984 

10 18 *°-10 18 * 5 

593 

6 . 6± 5.8 
4.4± 5.8 

7.0+2. 7 
10.0+3.5 

0.65 

0.29 

0.52 

0.75 

1977 

-1984 

10 18 * 5 -10 19 *° 

117 

6.0113.1 

17.8113.1 

12.2+4.4 

2.012.4 

0.10 

0.93 

0.90 

0.39 

1977 

-1984 


Table 2. 


Energy 
(E^in eV) 

Number of 
showers 

Amplitude 
(r in %) 

Phase 
(in hour) 

k 0 

p(>r) 

period 

10 17 .°-10 18 -° 

21534 

2.7+ 1.0 
0.6± 1.0 

15. Oil. 3 
8. 8±3.9 

3.94 

0.19 

0.02 

0.83 

1964 

-1984 

10 18 .°-10 19 *° 

1118 

3 . 5± 4.2 
6 . 2± 4.2 

2.713.3 
8. 7±2. 3 

0.35 

1.01 

0.71 

0.34 

1972 

-1984 


co 

gj 

o 

x: 

co 


aj 

X3 



2. Arrival directions of 

low-mu showers 

Relating to first har- 

monic at primary energies 

in the range 10 16 * 5 eV- 

10 18 «0 e v, arrival direc- 

tions of low-mu showers 

observed at Chacaltaya 

should be mentioned. Figure 

1 shows the distribution of 

low-mu showers with zenith 

angles smaller than 60° 

along right ascension. The 

average size of the showers 

is about 3xl0 5 and the pro- 

portion of the low-mu show- 

ers is about one thousandth 
of all showers. This figure 
was drawn in 1978 after the 
Calgary Conference in 1967 

(3) by including all show- 
ers observed from 1962 to 
1967. An excess of the 


Right ascension 
Fig. 1 
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showers is observed between 180° (12. Oh) and 260°(17.3h) in right ascen- 
sion. At that time, we assumed that these low-mu showers were candidates of 
gamma-ray showers. However, these low-mu showers may be showers produced 
by primary protons which encountered the first interactions in the deep 
atmosphere or produced mainly neutral pions at the first interactions, 
referring to the argument described in section 3. Then, it is very inter- 
esting that the right ascension where the excess of low-mu showers are 
observed coincides with the phase of the first harmonic described in sec- 
tion 1 at primary energies in the range 10 16 * 5 eV to 10 18 *OeV, since that 
fact may be related with the composition of primary cosmic rays. 

3. Arrival directions of old-age low-mu showers 

Relating to the low-mu showers, it is worth while mentioning the 
arrival directions of old-age low-mu showers observed at Chacaltaya from 
1962 to 1967. Arrival directions of these showers were plotted on the 
celestial sphere in 1967 as shown in figure 2 but was not published^) . 



Fig. 2 

The following criteria were imposed to select these showers: 

(1) The zenith angle of shower is smaller than 37°(sec0<1.25) . 

(2) The number of muons observed in the 60m 2 shielded detector is smaller 
than four. 

(3) The expected number of electrons at the muon detector is larger than 
2000/60m 2 . 

(4) The shower initiation point is in the first 80gcm -2 of the atmosphere. 
The point is estimated from the zenith angle (55Ogcm -2 xsec0 : depth of 
observation) , the electron size and the lateral distribution(s) by 
comparing the value of s with those of s for gamma-ray initiated pure- 
ly electromagnetic showers. This is a criterion effective to select 
old-age showers produced probably primary gamma rays. 
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Areas in which the densities of arrival directions were several times 
higher than average are found near (a :135° , 6 :-40°) , (240°'v255° ,-20°'v-40°) 
and at some locations adjoining the blank area seen around (10° ,-20°) . The first 
location corresponds exactly to that of Vera X-l (09h00ml3. IBs ,-40°21 ' 25 . 3") . 
The Adelaide group reported recently gamma-ray air showers from this 
X-ray source synchronized with period of the eclipsing binary (5) # There 
are some X-ray sources in the second location and a strong X-ray eclipsing 
binary X1700-377 (3 . 4d period; 17h00m32 . 70s ,-37 °46 ' 28 . 8") is neaby. Regard- 
ing to the third location, a high peak is seen at galactic latitude of 
-60° to -70° when the distribution of the arrival directions is examined 
in galactic latitude. The expected number of showers for this region is 
13.5: the number observed is 27. For showers with N e smaller than 4xl0 5 , 
the corresponding number are 10.4 and 25. 

Stimulated by the interesting old BASJE results looked back upon the 
past and mentioned in sections 2 and 3, the BASJE group has begun the pre- 
paration for a new project to observe low-mu and gamma-ray showers with 
32 lm 2 unshielded scintillation detectors located around the 60m 2 muon 
detectors, among which 12 detectors are moved from the locations in the 
present large array, and to determine the arrival directions within an 
uncertainty of 1°. The observation will be begun in the middle of 1986. 
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ABSTRACT 

Anisotropy of cosmic rays is studied with EAS data by muon trigger. 
The present results support those obtained by electron trigger which 
suggest the significant anisotropy of second harmonics with phase around 
100° in right ascension for showers of 10 1 -10 1 'eV, and predominant 
arrival direction of 230° in right ascension for muon-rich showers. It 
seems that the phase of the first harmonics in the energy range below 
10^eV is about 300° in right ascension and the second harmonics near 
6X10^eV is statistically significant with an amplitude of 0.39±0.13$ in 
direction of 83dt10° in right ascension. 


1. Introduction 

Anisotropy of arrival direction of cosmic rays in the energy range 
larger than 1<V^eV has been studied by various selection conditions on 
air showers at the EAS Array of Akeno. The results by the trigger of 
electron density were reported in the previous conference(Hara et al. 

1981 and 1983a). In comparison, selection of air showers by 
discriminating muon density(muon trigger) has the following advantage. 

(1) Muon size % is less fluctuating than electron size Ne as an 
estimater of primary energy Eo. (2) The muon detectors are the 
proportional counters in shielded room, of which response is less 
affected by the temperature variation. 

The EAS recorded by muon triggerCcase I) is available since the 
autumn of 1982 for Eo larger than 1(r°eV. About 90,000 EAS's are 
accumulated during two years of 1983 and 1984 and are analyzed for 
anisotropy. Also presented in this paper is the result by another muon 
trigger(case II), though whose result is preliminary. In this trigger, 
the event rate per hour is recorded without detailed informations in each 
detector of the array. The number of accumulated showers is 1.1X10° 
during half a year since June 1984. 


2. Experimental condition and method of analysis 

The EAS Array at Akeno(Hara et al. 1979) has nine muon stations, 
with a threshold energy of 1 GeV. Effective area of each station which 
consists of 50 proportional counters is 25 m . The following two 
experiments have been performed with muon trigger. 

In case I, when more than 4 muons hit each of 4 muon stations 
located near the central area of the array, the EAS data are recorded. 

The location of EAS core, zenith angle and electron size are determind 
from electron data. Primary energy of each observed shower is estimated 
from Njt(Hara et al. 1983b). 

In case II, the rate of air showers when more than 5 muons which are 
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spatially separated from each other hit one of 9 muon stations is 
recorded. The median energy of these showers is found to be 6X10^eV by 
the analysis of AS data obtained by the calibration run with the same 
trigger condition. The harmonic analysis is applied to get the anisotropy 
after the correction of non-observation period by the method described in 
Hara et al.( 1983a). The anisotropy of muon-rich showers is studied in 
case I as well as the anisotropy of total showers. The showers whose Np. 
to Ne ratio is 2 times larger than the mean value over all the showers 
are defined as muon-rich showers. 

3. Results and Discussions 

Results of case I are presented in Table 1 for the total showers and 
in Table 2 for muon-rich showers. The obtained amplitude and phase of 
maximum intensity in right ascension are listed in the tables as well as 
the number of showers N in each energy bin and the parameter of 
reliability k where the probability of obtaining amplitude greater than r 
from the uniform distribution is given by w(>r)=exp(-k) (k=r%/4). Also 
in Fig. la and b, the phases of first and second harmonics are shown as a 
function of primary energy respectively. In the figures, open circles 
designate the results for total showers and closed circles for muon-rich 
showers . 


Table 1 (Case I. Total showers) 




first 

harmonics 

second 

harmonics 


Eo 

N 

amplitude 

phase 

k 

amplitude 

phase 

k 

1.3X10 15 eV 


(*) 

(degree) 


(%) 

(degree) 


1480 

3. 1*3.7 

46* 68 

0.36 

0.9*3. 7 

104*117 

0.03 

2.8 

15461 

0.6*1. 1 

284*104 

0.15 

0.9*1. 1 

93* 73 

0.31 

6 *° ifi 

1.3X10 10 eV 

24558 

1.6*0. 9 

313* 33 

1.53 

0.2*0. 9 

49*116 

0.03 

20289 

1. 7*1.0 

290* 34 

1.40 

0. 1*1.0 

37*180 

0.00 

2.8 

16129 

2.2*1. 1 

299* 29 

1.95 

1. 5*1.1 

129* 21 

0.94 

6*0 

9388 

2. 2*1. 5 

293* 39 

1.09 

3. 2*1. 5 

72* 13 

2.37 

1.3X10 1 'eV 

3203 

1.9*2. 5 

288* 77 

0.28 

1.5*2. 5 

73* 47 

0.18 

2.8 

758 

5.9*5. 1 

340* 50 

0.66 

5.9*5. 1 

155* 25 

0.65 

6.0 

127 

7.2*12.6 

103*100 

0.16 

15.3*12.6 

144* 24 

0.74 



Table 2 (Case I. Muon-rich showers) 





first 

harmonics 

second 

harmonics 


Eo 

N 

amplitude 

phase 

k 

amplitude 

phase 

k 

1.3X10 15 eV 


(*) 

(degree) 


(%) 

(degree) 


280 

5. 2*8. 5 

106* 93 

0.19 

16.5*8.5 

149* 15 

1.90 

2.8 

4842 

4. 4*2.0 

215* 27 

2.31 

1. 9*2.0 

49* 30 

0.45 

6 *° ifi 

1 . 3X10'°eV 

8583 

1.1*1. 5 

134* 81 

0.25 

1.4*1. 5 

62* 32 

0.40 

6421 

2. 5*1. 8 

260* 40 

1.00 

1.9*1. 8 

133* 26 

0.60 

2.8 

4310 

1.6*2. 2 

317* 77 

0.28 

0.7*2. 2 

80* 93 

0.05 

6.0 17 

2462 

2. 8*2. 9 

14* 59 

0.48 

1.4*2. 9 

31* 60 

0.11 

1.3X10 1 'eV 

737 

10.6*5.2 

317* 28 

2.08 

4. 1*5.2 

60* 36 

0.32 

2.8 

112 

5.5*13.4 

342*139 

0.08 

6.2*13.4 

90* 62 

0.11 


Although the present results are quite preliminary, the following 
features can be noted. 

(1) The first harmonics shows a roughly constant phase around 300° below 



244 


OG 5.3-3 


lO^eV. This is slso seen in 
Fig.2a, where thin circles 
indicate the harmonic diagrams 
for energy bin from 2.8X10'-’ to 
1.3X10^'eV each and bold circle 
indicates that of sum(amplitude, 
1.59±0.47$ and phase, 298°±.17° 
R.A. with k=5.63) for this 
energy region. 

(2) The second harmonics of 
total showers appear to show a 
tendency of maximum intensity at 
phase 91°±28° in right ascension 
with amplitude of 0.50*0.48$ 
below 10 ''eV, as seen in Fig.2b, 
where the designations of 
circles are the same in Fig.2a. 

(3) Muon-rich showers have the 
maximum phase of the first 
harmonics near 220° below 
10^”eV. Fig.3 shows the data for 
energy /rom 2.8X10 '^eV to 
1.3X10^ ®eV and those sum 
indicated by thin and bold 
circles respectively. 

The features (2) and (3) 
are consistent with the results 
obtained by electron 
trigger(Kifune et al. 1985), 
though present results are not 
statistically significant. For 
the feature (1), anti-sidereal 
amplitude is 0.80*0.48$ for the 
same energy region which is 
relatively small compared with 
that of sidereal time variation. 
The phase of about 300° is 
different from the results 




Fig. 1b Phase of second harmonics 



Fig.2a Harmonic diagram Fig.2b Harmonic diagram Fig.3 Harmonic diagram 
of first harmonics for of second harmonics for of first harmonics for 
total showers below total showers below muon-rich showers below 

1 0 1 ' eV . 1 0 1 ' eV . 10 16 eV. 
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obtained by electron trigger below 3X10 l6 eV, even if the magnitude of error 
is taken account of. One of the posibilities to explain this difference is 
to attribute it to the difference of triggering bias. If we presume muon 
size to be better estimater of primary energy than electron size, the data 
triggered by electrons include contaminations of events which have 
different primary energies in the same electron size bin, so the 
reliability of energy dependence of the anisotropy for the case of electron 
trigger is possibly less than that for muon trigger, especially for lower 
energy. However in present stage we need to examine this feature more 
carefully. 


Table 3 (Case II) 



first 

harmonics 


second 

harmonics 


Time variation 

amplitude 

phase 

k 

amplitude 

phase 

k 


(*) 

(degree) 


(*) 

(degree) 


Sidereal 

0.02*0.13 

33*180 

0.01 

0.39*0.13 

83* 10 

4.14 

Solar 

0.10*0.13 

142* 78 

0.27 

0.07*0.13 

52*. 57 

0.13 

Anti-sidereal 

0.07*0.13 

187*104 

0.15 

0.29*0.13 

27* 13 

2.39 

The preliminary results in 

90° 


45° 



case II are presented in Table 
3, and harmonic diagrams of 
first and second harmonics for 
sidereal time are shown in 
Fig.4a and b respectively. It 
appeares that second harmonics 
of sidereal time variation has 
statistically significant 
amplitude of 0.39*0. 1 3% with 
k=4.14. The phase of maximum 
intensity is 83°*10°. The 
similar results in the second 
harmonics are obtained by muon 


180- 


e 


0.4°/, 


0° 90 


270° 

(a) 


Q 


i t i t f 


0 . 4 % 

■>r-° 


(b) 


Fig.4 Harmonic diagram of (a)first 
harmonics and (b)second harmonics, for 
6X10^eV in case II. 


bj 

triggered data at 2X10^eV 
conducted by Murakami et al.(1985) at Akeno. 

It should be noted that statistics are not sufficient at present, 
and observations are being continued to confirm the anisotropy of cosmic 
rays. 
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ARRIVAL DIRECTIONS OF COSMIC RAYS OF E > .4 EeV 

Bal trusaitis, R.M., Cady, R., Cassiday, G.L., Cooper, R., Elbert, J.W., 
Gerhardy, P.R., Ko, S., Loh, E.C., Mizumoto, Y., Salamon, M., 

Sokol sky, P., Steck, D. 

Department of Physics, University of Utah, Salt Lake City, UT 84112 

ABSTRACT 

The anisotropy of cosmic rays observed by the Utah Fly's 
Eye detector has been studied. Emphasis has been placed on 
examining distributions of events in galactic coordinates. 

No statistically significant departure from isotropy has been 
observed for energies greater than 0.4 EeV (1 EeV = 10 18 eV). 
Results of the standard harmonic analysis in right ascension 
are also presented. 

1. Introduction . At the highest energies, the arrival directions 

of cosmic rays are expected to begin to reveal their origins. In 
this analysis the observed number of events is compared to the number 
predicted for an isotropic distribution as a function of both galactic 
longitude and sin (galactic latitude) for each energy interval, so 
searches can be made for clustering in two dimensions. The event 
distributions have also been fit to two different models for galactic 
latitude dependence: 1. An excess of events from the general direction 

of the galactic plane of the form I(^) = I 0 C ( 1 - f) + f exp(-b 2 )] where 
b is the galactic latitude in radians (1), and 2. A gradient with 
respect to galactic latitude of the form 1^ = I Q (1 + s‘b), where b is 
the galactic latitude in degrees. A si mi 1 ar analysis of the data is 
performed in the two-dimensional celestial coordinates, and fits have 
been made to the amplitude A and phase a 0 of the first harmonic of the 
form I( a ) = 1 0 ( 1 + A cos(a - a 0 ))> where a is the right ascension. 

2. Description of Analysis . We report here the arrival directions 

of extensive air showers observed by the Utah Fly's Eye detector, 
situated at 41°N latitude, between the dates of Nov. 1981 and April 
1985. A detailed description of the detector is reported in ref. 2. 
Only data recorded on clear nights with no clouds higher than 10° above 
the horizon were accepted. The total live time corresponding to these 
"weather cuts" is 58.2 days. Further cuts on the data were made to 
ensure well -measured tracks with good control over the error in 
direction: the average error in zenith angle after cuts is a = 3.8°. 
Events passing all cuts were then binned in both galactic and celestial 
coordinates for four energy intervals: 0.4 - 1.0 EeV, 1.0 - 3.0 EeV, 

3.0 - 10.0 EeV, and > 10 EeV. All distributions were made in equal - 
area bins of 5° in galactic longitude (or right ascension) versus 0.4 
in sin latitude (or sin declination). 

Since the Fly's Eye can only operate on clear moonless 
nights, the irregular pattern of observation times precludes the 
assumption of uniform acceptance in right ascension made by experiments 
running continously. The procedure used to calculate the number of 
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events expected as a function of galactic longitude and si n( latitude) 
from an isotropic distribution is outlined in this section. The distri- 
bution in celestial coordinates follows exactly the same prescription. 

The absolute start and stop times for each data run have 
been recorded. For each 15 minute interval of detector on-time, the 
zenith angle for each bin of galactic coordinates is computed. Since 
the distribution in azimuth is uniform, the detector acceptance in 
zenith angle is the only quantity necessary to compute the acceptance 
times live- time product at each time interval and each pair of coordi- 
nates. Two different techniques have been used to find the acceptance 
as a function of zenith angle. The first is to use the Monte Carlo 
simulation of the detector. In principle, this allows an absolute rate 
determination in galactic coordinates, although only the relative rate 
was used for this analysis. The second technique uses the measured 
zenith angle distribution of the data itself to get the relative 
acceptance. An acceptance of 1 gives a flat distribution in cos(e z ), 
so measuring the deviation from a fixed number gives the e z dependence. 
The relative acceptance in zenith angle calculated directly from the 
data agrees very well with that predicted by the Monte Carlo simulation: 
the results reported here were shown to be insensitive to the distri- 
bution used. 

The acceptance-weighted live times thus generated give the 
relative rates expected in each bin of galactic coordinates. The 
absolute normalization is then fixed by demanding that the total number 
of events predicted be equal to the total number of events observed in 
each energy interval. Deviations in the data from isotropy should then 
appear as local excesses (or deficits) of events compared with the 
number predicted. 

Given the number of events observed and predicted in each bin, 
fits to various models for a possible anisotropy can be made. The number 
of events expected is weighted by the appropriate model -dependent factor 
(for example, (1 + s*b) to fit for a galactic latitude gradient s), the 
"expected" array is renormalized to preserve the same total number of 
events, and the joint probability for the observed to predicted distri- 
bution is calculated. Maximizing the probability with respect to 
variation in the parameters of the model (for example, s) gives the best 
fit to the data as well as the associated errors on the best-fit values 
of the parameters. 



3. Results and Discussion . Figure 1 
shows our acceptance in gal acti c 
coordinates from Monte Carlo events 
between 3-10 EeV. Note that the 
region between galactic longitude 
240° to 0° and galactic latitude +30 
to -90° are not visible to the Fly's 
Eye. Observed rates projected onto 
a single axis must, of course, 
be evaluated with this fact in mind. 


Fig. 1. The Fly's Eye Acceptance. 
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The ratio of events observed to events expected as a 
function of galactic latitude are shown in Fig. 2. Table 1 gives the 
results for the two galactic models considered. Column a) shows fits 
to a latitude gradient s of the form (1 + s* b) ; column b) shows the 

2 

fits to a galactic plane excess (1 - f + fe"k ) with b in radians. No 
statistically significant deviations from isotropy are observed, 
although the trend in the latitude gradient agrees with that observed 
by other experiments (3). The data disagrees mildly with the analysis 
presented in ref. (1) for the galactic plane excess model, at about 
1 a level. However, our inability to see a rather large region of the 
galactic disk, in particular the galactic center, should be kept in 
mind when interpreting these results. 


latitude (degrees) latitude (degrees) 


'60 *40 -20 0 20 40 60 ‘60 -40 *20 0 20 40 60 



/ 

latitude (degrees) latitude (degrees) 



Fig. 2. Observed rates as a function of galactic latitude. 
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Table 1. Galactic latitude fits 


Energy 

(EeV) 

<E> 

(Eev) 

Number of 
Events 

a) 

Slope 

s( 10~ 3 /deg ) 

Galactic Plane 
Excess f 

0. 4-1.0 

.64 

760 

-0.1 ± 1.6 

0.06 + 0.20 

1. 0-3.0 

1.7 

575 

-1.5 ± 1.7 

0.15 + 0.21 

3.0-10.0 

5.0 

170 

-1.5 ± 3.0 

0.0 + 0.3 

>10.0 

18.8 

45 

0.6 ± 6.0 

+ 5 

OJ. 0 


In celestial coordinates, the fits were made to the amplitude 
and phase of the first harmonic in right ascension, and are shown in 
Table 2. Here, there is some evidence for non-zero anisotropy, again 
in agreement with other experiments. 


Table 2 . First harmonic in right ascension 


Energy 

(EeV) 

Amp! i tude 
A 

Phase a 0 
(degrees) 

0. 4-1.0 

.15 ± .08 

300 + 30 

1. 0-3.0 

.07 ± .08 

25 + 80 

3.0-10.0 

.25 ± .16 

350 + 40 

>10.0 

.34 ± .34 

290 ± 60 


4. Conclusions . If we believe that the cosmic rays above 1 EeV 
are predominantly protons from our own galaxy, then it is perhaps sur- 
prising that there is no evidence in our data for an enhancement from 
the general direction of the galactic disk. Certainly, more evidence 
on the composition of cosmic rays at this energy will be crucial to a 
real understanding of production sources and mechanisms. If a sig- 
nificant fraction of the observed cosmic rays are in fact galactic 
iron, or are "universal" extra-galactic protons, then the observed 
smoothness of the data would be reasonable. 
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The sidereal anisotropy of cosmic rays around 3* 10 15 eV observed 
at a middle north latitude. 

K. Murakami 

Cosmic Ray Research Laboratory, Nagoya University 
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T. Kifune and N. Hayashida 
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ABSTRACT 

The sidereal time variation of cosmic rays (median primary 
energy : 3*10 15 eV) is investigated with air shower observations 
at Akeno, Japan (900 m a.s.l.) which started in September 1981. 

Air showers are detected by a coincidence requirement on several 
muon detectors. The result obtained for three years is suggestive 
of a big semi-diurnal variation (0.37 % in amplitude). On the 
other hand, the diurnal variation is rather small than the semi- 
diurnal one. The feature of the sidereal anisotropy supposed 
from the present result looks quite different from that below 
10 14 eV. 

1. Introduction. In Bangalore Conference (1983), a review on sidereal 
anisotropies in air shower observations was given by Linsley (1). The 
anisotropy beyond 10 14 eV is still ambiguous, because of poor statistics 
and also because most of results except that by Daudin et al. (2) are 
not from air shower observations proper to the study of the sidereal 
anisotropy. Recently we have carried out air shower observations at 
Akeno, Japan (35°47'N, 138°30 I E, 900 m a.s.l.) with the aim of studying 
the sidereal anisotropy around 3*10 15 eV. 

2. Observations. The observations are made by using four muon detec- 
tors (25 m 2 , 50 proportional counters, 2 m thick concrete) being located 
100 ~ 200 m apart from each other. The detection of air showers is done 
by the following triggering requirements. Fifty proportional counters 
in each muon detector are divided into four groups of ten counters with 
spacing of three counters. For detection of shower, at first, a coin- 
cidence of incident particles is selected in the mode of "any two groups 
out of four counter groups" in each muon detector, and next, another 
coincidence is done in the mode of "any three- or four-fold coincidence" 
among the coincidence signals fed from those four muon detectors. 

The response function was obtained from the analysis of air showers 
(1844 events) detected by the above-mentioned conditions. The result 
(normalized integral response function) is shown in Fig. 1, where solid 
points and open circles are values derived via the determinations of 
muon size and electron size, respectively. In this analysis the follow- 
ing points are noted. (1) The median primary energy is about 3*10 15 eV. 

(2) The zenith angle distribution of detected air showers per solid 
angle is proportional to cos 5,2 6 (0 : zenith angle). (3) Although the 
present triggering was doubted if it was favoured for detecting muon- 
rich showers, no significant distinction from cases of electron trigger- 
ing was found. 

The continuous observations have been carried out since September 
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Fig. 1 Response function. 


1981. In the following, 
a result obtained for 
three years until August 
1984- is reported. The 
number of events is, in 
total, 2,237,059 showers 
observed in 962 days, 
after the rejection of 
days in which complete 
observations (with 
stable operation under 
constant condition 
throughout the day) 
were not fulfilled. 

3. Results. Fig. 2 
shows harmonic vectors 
in solar, sidereal and 
anti-sidereal time, 
averaged over three-year 
data without correction 
for barometric pressure 
effect or so on. The 
barometric pressure 
effect is of - 0.19 ± 
0.03 % per mb. Open 
circles, P, shown in the 
figure are vectors 
expected from the baro- 
metric pressure effect. 
The other vectors, S, 
are variations of rate 
of single-particle 
incidences into four 
muon detectors includ- 
ing background radia- 


0 hr 0 hr 




0 hr 0 hr 



Fig. 2 Harmonic vectors. 
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ticn from surrounding concrete. The regression coefficient to air shower 
rate is at most of a factor 2, and so the variation related with single- 
particle rate is negligible. The error circle around air shower rate AS 
means the standard deviation of mean amplitude derived from the scatter 
of hourly values. This deviation is of 0.1 % and almost equal to that 
estimated from total number of recorded air showers. The dotted circle 
will be explained in the last paragraph. 

The results are summarized as follows : 

(1) The solar diurnal variation is very small. There is, however, a dis- 
crepancy from the vector P expected from barometric pressure effect. 

Main part of this discrepancy may be interpreted as atmospheric tempera- 
ture effect. 

(2) The solar semi-diurnal vector is not inconsistent with the barometric 
pressure effect. 

(3) The amplitude of sidereal diurnal variation is as much as twice of 
the standard deviation and so the existence of the diurnal anisotropy 
is still hazy. 

(4) The semi-diurnal vector in sidereal time is of 0.37 ± 0.10 % and 

5. 7 ± 0.8 hour. The existence of this vector will be discussed again in 
the last paragraph. 

(5) The diurnal as well as semi-diurnal variations in anti-sidereal time 
are small. 

A. Sidereal semi-diurnal variation. As mentioned above, it seems that 
a big sidereal semi-diurnal vector is existent. Further analyses on this 
anisotropy were made. One is the monthly shift of semi-diurnal vector on 
solar time coordinate, as shown in Fig. 3. Except the shift from (Feb. , 
Aug.) to (Sep., Mar.), the anti-clockwise turning of the vector with 
month is very suggestive of the existence of the sidereal anisotropy. 


Solar time 
Un corrected 
for P 


9 -f 


6 


Fig. 3 Monthly vector of semi- 
diurnal variation in solar time. 



However, another analysis shows 
that the sidereal vector ob- 
tained fer each half-year is 
rather widely distributed than 
the scatter expected from 
statistical fluctuation of 
hourly values, as shown in 
Fig. A. The dotted circle in 
Fig. 2 is corresponding to 
this wide distribution of the 
vector. Therefore, in order 
to confirm the existence, it 
may be necessary to wait for 
more accumulation of the data. 
At present we have no idea to 
interpret why the vector 
scatters so widely, although 
we are trying to seeking for 
the reason. 

5. Summary. The sidereal 
time variation around 3*10 15 
eV was investigated with air 
shower observations at Akeno 
which started in September 
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1981. The result obtained 
for three years gives a big 
semi-diurnal vector in side- 
real time, 0.37 +0.10 % and 
5.7 + 0.8 hour. Although 
we need to accumulate more 
data in order to confirm the 
existence, it is very inter- 
esting that the semi-diurnal 
vector seems bigger than the 
diurnal vector, because the 
diurnal vector has been con- 
firmed to be bigger than the 
semi-diurnal vector at north 
latitudes in the region 
below 10 6 * * * * 11 * eV. 

Although the above semi- 
diurnal vector was given with 
the standard deviation esti- 
mated from the fluctuation 
of hourly value, if we con- 
sider the wide distribution 
of the vector obtained for 
each half-year, the statis- 



a : Sep. 1981 - Feb. 1982 
b : Mar. 1982 - Aug. 1982 
c : Sep. 1982 - Feb. 1983 
d : Mar. 1983 - Aug. 1983 
e : Sep. 1983 - Feb. 1984 
f : Mar. 1984 - Aug. 1984 
M : Sep. 1981 - Aug. 1984 

Fig. 4 Distribution of sidereal 
semi-diurnal vector for each 
half-year. 


tic for confirming its 

existence is still unsufficient (now the significance level = 1 %). 


The barometric pressure effect is explainable mainly with longitudi- 
nal development of muon size. 
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ABSTRACT 

The Haverah Park air-shower experiment recorded over 8500 events 
with primary energy >10 18 eV between 1963 and 1983. An analysis 
of these events for anisotropies in celestial and galactic co- 
ordinates is reported. No very striking anisotropies are observed. 

1. Introduction . Seven years ago the Haverah Park group (Edge et al 
1978) published a detailed analysis of the arrival direction distribution 
of cosmic rays above 6xl0 16 eV. Since that publication there have been 
numerous 'up-dates' reported in conference proceedings and reviews. In 
this report we concentrate on the cosmic rays above 10 18 eV where 
additional running has enabled us to increase our data from 4202 events 
(Edge et al 1978) to 8565. The additional data have been recorded with 
the same angular resolution as in the earlier work (rms variation in solid 
angle <10 2 sr) ; the energy resolution has been slightly improved by the 
addition of 3x2. 25 m 2 detectors at 1km from the array centre. We 
describe here the results of an analysis in celestial and galactic co- 
ordinates; fuller details will be reported elsewhere. 

2. Harmonic Analysis in Right Ascension . The results of an harmonic 
analysis in right ascension over the declination range 90 < 6 < -6° are 
given as a function of energy in Table 1. Following our previous 
practice the data are divided in energy l-2xl0 18 eV (E5) , 

2 - 4 x 10 1 8 eV (E6) , 4-32xl0 18 eV (E7,8,9) and > 3 . 2 x 10 1 9 eV (E10) . For 
brevity the notation E5 etc. will be used here. The first and second 
harmonics are given. Only amplitude uncertainties are quoted; 
probabilities of those amplitudes arising by chance from a random , 
distribution equal exp(-k Q ) and the phase uncertainty is 57.3/(2k 0 ) 5 
degrees, where k 0 = r 2 n/4 (Linsley 1975). 

Table 1 



from Edge et 

al 

(1978) 



Present 

Work 



n 

r i% 


6i° 

k-o 

n 

r x % 

01° 

^o 

E5 

2832 

6.3 ± 2. 

7 

50 

2.83 

5764 

4.4 ± 1.9 

67 

2.76 

E6 

978 

7.9 ± 4. 

5 

37 

1.52 

1939 

3.7 ± 3.2 

17 

0.65 

E7 , 8, 9 

364 

7.9 ± 7. 

4 

280 

0.55 

812 

5.7 ±5.0 

272 

0. 66 

E10 

28 

57 ± 27 


163 

2.27 

50 

42 ± 20 

179 

2.16 



r 2 % 


e 2 ° 



r 2 % 

0 2° 


E5 

2832 

3.0 ± 2. 

7 

169 

0.64 

5764 

2 . 7 ± 1 . 9 

175 

1.01 

E6 

978 

11 ± 5 


71 

2.74 

1939 

4.3 ± 3.2 

80 

0.89 

E7,8,9 

364 

18 ± 7 


75 

2.95 

812 

13 ± 5.0 

83 

3.59 

E10 

28 

25 ± 27 


59 

0.45 

50 

12 ± 20 

166 

0. 18 
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It is disappointing to report that the doubling of the Haverah Park data 
has led to a decrease in all of the amplitudes above 10 18 eV. Of the 
8 amplitudes listed the significance, as measured by k Q , of only 3 have 
increased. However the most significant amplitude of the new set was 
also the most significant of the original set: the 2nd harmonic in the 
energy bin E7,8,9 now has a probability of arising by chance of 2.8%. 

For 371 events in a similar energy range (5 x 10 18 - 4 x 10 19 eV) the 
Yakutsk group find r 2 = 7. 6 + 7. 3% at 0 = 114° (Efimov et al 1983). The 
joint amplitude (n = 1183) is r 2 = 11 ±4%, 0 = 89° with a chance 
probability of 2.8%. 

The probability that the observed sets of 8 ko's arise by chance from a 
random distribution has risen from 3% to 10%. 


8 r 


Figure 1 


• Haverah Park 
o Yakutsk 
a Cornell 
s Volcano Ranch 


50 


(♦) 


3. Analysis in Galactic Co-ordinates . In 1981 we introduced an analysis 
in galactic latitude from which a series of gradients of observed number/ 
expected number as a function of galactic latitude was obtained (Astley 

a l 1981) . The initial analysis was with a data base intermediate in 
size between that discussed in Edge et al (1978) and that now available; 
a S-N assymetry was claimed. The gradients given by Lloyd-Evans and 
Watson (1982) are listed together with the new gradients in Table 2. A 
correction to the binning algorithm used in calculating the gradients has 
been made and about 25% more data has been added above 10 18 eV. The 
gradients are compared with results from other experiments in Figure 1. 
The Haverah Park gradients 
show deviations from expecta- 
tion significant at the 4% 
level (Xg = 1.97) and in 
addition (ignoring the most 
energetic (extragalactic?) 
events in E10) there is a 
clear tendency for the 
gradients to fall and then 
change sign as the energy 
increases. However there are 
strong systematic differences 
between the various experi- 
ments, none of which are 
consistent with the above 
gradients, for which no 
satisfactory explanation has 
yet been found. 

4. Discussion . Wdowczyk 
and Wolfendale (1984) in an 
interesting discussion of 
cosmic ray anisotropy have 
suggested that the observa- 
tion of an S-N gradient 
above 10 18 eV is an 
artefact arising from the 
limited galactic latitude 
coverage of the Northern 
Hemisphere experiments. 
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Table 2 
& Watson (1982) 

Present 

0G 5. 

Work 

El 

n 

18829 

gradient 
(x 10 4 deg *) 

- 1 ± 3 

n 

18829 

gradient 
(x 10 4 deg *) 

3.9 ±2.4 

E2 

39982 

- 2 ± 2 

39982 

3.2 ± 1.6 

E3 

20635 

-4 + 3 

20635 

0.7 ± 2.2 

E4 

5938 

-8.5 ± 4.3 

5938 

-3.6 ±4.1 

E5 

4349 

-13 ± 5 

5764 

-9.2 ±4.1 

E6 

1499 

-16 ± 9 

1939 

-7.5 ± 7.0 

E7 , 8, 9 

610 

-22 ± 13 

812 

-3.3 ± 10 

E10 

38 

92 ±85 

50 

66 ± 47 


They propose instead that the data should be tested against a model which 
invokes a galactic plane excess and which predicts that the angular width 
of the galactic plane as seen in cosmic rays should shrink slowly with 
increasing energy. 


The prediction of this model in which it is suggested that 


1(b) = 1(0) 


(1 ~ f E) + f E ex P ( -b2 ) 


is compared with the data in Figure 2 for f E , the galactic latitude en- 
hancement factor, = 0.3 (Wdowczyk and Wolfendale 1985, Figure 1(d)). 
There is some evidence for a galactic plane enhancement. 


We have investigated the 
galactic plane enhancement 
directly by comparing the 
number of events within 
a ± 5° of the galactic plane 
for the declination range 
61.6 <6 < -6°. For bins 
E5 , E6, E7 , 8 , 9 the 
observed number of events 
was 268, 93 and 36 while 
250, 83 and 36 were 
expected. There is 
clearly no significant 
evidence of enhancement. 

In Figure 3 we compare 
the first harmonics of 
Table 1 with the pre- 
dictions of Hill and 
Schramm (1985) . The best 
estimate of the amplitude, 
s, (Lins ley 1975) is shown 
together with 95% and 5% 
confidence levels. The 

predictions are derived from a model in which cosmological and bright 
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local extragalactic source fluxes 
are combined. The injection 
spectrum slope y = 2.0 favoured 
through their fit of spectrum 
data predicts rather higher 
anisotropies above 5xl0 18 eV 
than are observed. 

5. Conclusion . High energy 
cosmic rays (E > 10 18 eV) are 
remarkably isotropic. In 
particular we remind the reader 
that above 3.2xl0 19 eV (50 
events) there is no evidence 
for a galactic plane aniso- 
tropy but there is some 
evidence for an anisotropy of 
(40 ±20)% in a direction 
nearly normal (a = 180°) to 
the galactic plane. Of the 
8 events above 10 2 ° eV which 
we have observed, 4 are more 
than 40° above the galactic 
plane. 
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OBSERVATION OP ARRIVAL TIMES OP EAS 
WITH ENERGIES ^6 x 1 0 '* eV 
SUN Luorui 

Department of Physics, Zhengzhou University, China. 

1. Introduction 

The earth's atmosphere is continually being bombarded by primary 

cosmic ray particles which are generally believed to be high-energy 

nuclei. The fact that the majority of cosmic ray primaries are charged 

particles and that space is permeated with random magnetic fields, 

means that the particles do not travel in straight lines. This makes 

the identification of distant sources very difficult. Nevertheless, 

studies of the arrival time and direction distribution of cosmic rays 

are still used to seek significant information on problems of their 

origin. Prom the beginning of the 1950's to the middle of the 1960's 

about 50 experiments were carried out to study the arrival directions 

uu 17 

of EAS with energy range from about 10 to 10 eV. Linsley and 
Watson (1) summarised the results of these experiments and gave a 
review at 15th Cosmic Ray Conferees. 

On the other hand, the arrival time distribution of EAS may 
also transfer some information about the primary particles. Actually, 
if the particles come to our earth in a completely random process, 
the arrival time distribution of pairs of successive particles should 
fit an exponential law. This is derivable from Poisson's distribution. 
Several groups £ 2,3 J have reported a non-random component in the 
arrival times of EAS with E>10 2 * * * * 7 ^eV, but others£4} did not find it. 

The work reported here was carried out at Sydney University 
from May 1982 to January 1983. The results are discussed and compared 
with that of some other experiments. 

2. Experiment System 

This experiment work was carried out by using the Sydney 
Small Air Shower Array. This sea level array has been described in 

detail elsewhere^). The array is composed of four fast timing 

scintillators arranged as a 25 mJ( 25 m horizontal square with four 

triggering scintillators in a 4 ®X 4 ® square in the same plane as the 

fast timing scintillators. The triggering scintillator square is close 
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but not at the centre of the fast timing square. Pulses from the 
scintillators are sent via fast rise time coaxial cables to the 
recording electronics which is in an air conditioned hut with the 
triggering scintillators. The recording electronics uses NIM/CAMAC 
System. A master trigger pulse is produced if three out of four of 
the triggering scintillators receive shower particles. Showers are 
analysed in a desk-top compuer which is employed to control the 
recording system. The shower direction is found by a weighted least- 
squares fit of a plane shower front to relative arrival time of each 
detector. Then, using the maximum likelihood method to estimate the 
shower size and core position. Finally, the celestial coordinates of 
the incident direction of the event is found out. The rate of analysed 
showers is 127 per day or one every 11.3 minutes on average. The tine 
needed for the full analysis is about 30 seconds. 

3. Analysis and results 

The data discussed here were obtained in the period from May 27 
in 1982 to January 12 in 1983 at the campus of Sydney University 
(latitude 33 s). During this period more than 23000 showers were 
recorded. The data are analysed in two different ways as follows. 



Fig. 1 Cosmic ray arrival time distribution 


Firstly, all the data are used to plot the arrival-time 
distribution of the events, that is, the distribution of time-separation 
t between consecutive events on a 1 minute bin size (Fig. 1 ). The smooth 
curve shows the expected exponential distribution of the arrival times 
assuming that the time of occurrence of the events is completely random: 

n»»*(e“ Xt '- e" xtl ) 

where x is the average number of events per unit time. As can be seen 
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from Fig. 1 , the observation data are compatible with random 
expectation. After adding the estimated losses for the observation 
data, no deviations are greater than 5 <T. So that, no experimental 
evidence for abnormal behaviour in the inter shower arrival time 
distribution has been found. 

Then, the data are analysed with respect to the sidereal time 
variation. Since the experiment was interrupted occasionally for 
maintenance and by power failures, some allowances for this 
interruption must be made before the analysing. After rejecting 
certain numbers of events from those "over-exposure'’ time intervals, 
the run time for every sidereal hour interval is unified. The data 
are analysed by using the "random walk" harmonic method and the results 
are i 

the fractional amplitude r * %* 

the probability of observing an amplitude s* r p = 0.21, 

the phase of maximum f « 74° ± 33° • 

To compare these results with that of the experiments summarised 
in Ref. (1}, they are plotted together in Fig. 2 (after Kiraly et al 
C63). the value of p of the present experiment sits at the middle of 
Fig. 2 (l), and the value of ir just falls in the gap of the old data 
in Fig. 2 (2). If anything this confirms the isotropy of arrival 
directions. 




Fig. 2 Comparison of the present experiment with the data of Ref. (1). 
The ordinates are the frequencies and the circles contain 
the numbers of experimental setB contributing to the data 
(excluding the present experiment). 


The data are also tabulated on Mercator Projections and a series 
of chi-squared tests is applied. The results are shown in Fig. 3* The 
largest value of X 2 for the tabulation is 57. The probability that X 4 
should have exceeded this value for one or more of eight independent 
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Mercator projection of Celestial Sphere 
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Fig. 3 Cellular division of Mercator Projection of 
celestial sphere for 171 64 showers. 


hands is 12%. Thus the chi-squared tests show no significant evidence 
of anisotropy in the tabulated distributions. 
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COSMIC RAY INTENSITY VARIATIONS AT 
PRIMARY RIGIDITIES NEAR 1900 GV 

Y.W. Lee, P.K. MacKeown and L.K. Ng 
Physics Department 
Univeristy of Hong Kong 

ABSTRACT 

Preliminary analysis of an experiment monitoring cosmic 
ray muons yields a first sidereal harmonic amplitude 
for rigidities around 1900 GV of (7. 95±3. 97) 10" 3 4 at 
5 . 1±1 . 9h right ascension. A significant anti-sidereal 
first harmonic is, however, also seen. 

1 . Introduction Over the past ten years or so steady progress has 
been made in determining the anisotropy of arrival directions of cosmic 
rays over a very wide energy region of the primary particles. We report 
here on preliminary results from an experiment designed to monitor the 
temporal variation of cosmic ray muons with energies greater than about 
1.6 10 eV carried out in a road side tunnel in Hong Kong at X = 22.23°N, 
<j)g = 114.6 E. Details of the experiment are reported in [1] and in an 
accompanying paper at this conference (Lee and Ng , HE 4.5-15). 

2. Basic Data of the Experiment The telescope, composed of 
individually monitored cylindrical proportional counters, is situated 
under a rock burden of varying thickness with an intensity weighted 
average depth of 573 hg cm 2 . This corresponds to a mean muon 
threshold energy of 157 GeV. Using a factor of 12.2 to relate the muon 
threshold to primary rigidity [2], [3] we have a value for the median 
rigidity, R med = 1915 GV. 

The present report is based on observations made in the period 
November 1983 - March 1985, during which time the duty cycle was 80%. 

No selection, or cuts, have been imposed at this stage on the data, 
which totals 1.27 10 7 counts - an average count rate of 1280 hour -1 . A 
small systematic decrease in the count rate is observed, with an average 
fractional rate of change equal to (-1 . 6±0. 6) 10" 5 * . This would contri- 
bute to a first harmonic, (at 6 h) , a fractional amplitude of 0.32 10" 4 , 
much smaller than the formal standard deviation, /2/N = 4 10" 4 , dictated 
by the statistics of observation. 

3. Harmonic Analysis An analysis of the data to extract first and 

second harmonics at solar, sidereal and antisidereal frequencies has 

been performed. Only data from uninterrupted solar days of operation 

were included. This was analysed, month by month, by binning it into 

12 cell phase histograms. For sidereal and antisidereal frequencies 
the phase corresponding to the centre of the bi-hourly solar cell was 
used in determining a, weighted, mean phase for each cell of the 
composite histogram, with suitable correction to equalise exposure time 
for each such cell also being applied. Using fractional deviations of 
a cell from the overall cell mean for the month as variable the first 
and second harmonics for the three cases were calculated, (in the case 
of the sidereal and antisidereal histograms using a trapezoidal rule 
integration because the mean phases of the cells in these cases, in 
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general, are not equidistant). The mean square deviation (variance) of 
the cell rate, averaged over the 16 months was 14% larger than the 
Poissonian expectation. 

The harmonic amplitudes r, and phase of maximum <f>, are shown 
m the table. The formal standard deviation on the amplitudes is 



amp. x 10 4 

phase/h 

^o 

amp. x 10 1 * 

phase/h 

ho 

Solar 

1.19 

19.0 

0.05 

7.60 

0.1+2.0 

1.77 

Sidereal 

7.95 

5.111.9 

2.62 

6.14 

4.412.5 

1.20 

Anti-Sidereal 

/T _ . 

9.57 

11.711.6 

2.91 

1.63 

0.0 

0.08 


°r :/w a 3 / 97 10 while f °r the phases a., = o Jr is shown for those 
amplitudes which are significant. Also showrt in the table is the 
parameter k Q = r N/4, which determines the significance of these 
dispersions [4]. From the presentation of the data on harmonic dials, 
tig-1, it is clear that both the sidereal and antisidereal first 
harmonic amplitudes are formally significant. The unwelcome appearance 



Fig.l The first and second harmonics at solar, sidereal 
and anti-sidereal frequencies and their standard 
deviations 
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of the latter we have not so far succeeded in explaining. It does not 
seem that meteorological factors, not yet incorporated in the analysis, 
can account for such a large effect. Straightforward regression of the 
observed counting rates on the sea-level pressure, and the atmospheric 
temperature at the 200 mbar level yield coefficients -0.04±0.02% mbar 1 
and +0.1210.07% K 1 respectively. Further investigation is in progress 
to understand this aspect. 

4. Results on Sidereal Harmonics Allowing for the non-Gaussian 
distribution and bias in the mean [4], the expectation values for two 
sidereal amplitudes, their 95% and 5% confidence levels, their phase of 
maximum and its 68.3% confidence level are: 


K.i = 7.95(1.50, 14.71)10 -4 4> = 5.112.1 h, 

? 2 = 5.28(0.0, 11.7)10''* <j> 2 = 4.413.6 h. 



Fig. 2 The projected first sidereal harmonic, corrected for 
solar motion, as a function of rigidity; the curve is 

due to Tan, paper OG 5.4-13 at this conference. 


Although barely significant, especially in view of the 
unexplained anti-sidereal amplitude noted earlier, both these values 
are of similar magnitude to those found by other workers in similar 
regions of rigidity. A correction for solar motion relative to the 
local interstellar medium, following the parameters used in [2], when 
applied to the first harmonic amplitude leads to a value ^j/CosA = 

9.86 10~ 4 at <f> = 4.80±2.1 h. This projected amplitude along with its 
formal standard deviation is shown in fig. 2. Also shown there are the 
values of other workers as corrected in [2], along with a prediction by 
Tan, based on his non-uniform galactic disc model for cosmic ray 
propagation (paper OG 5.4-13 at this conference), corresponding to his 
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parameter & s = 5 kpc. 
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Search for Bursts In Air Shower Data 

Bruce, T.E.G. , Clay, R.W. , Dawson, B.R. , Protheroe, R.J., 

* Blair, D.G. and * Cinquini, P. 

Physics Department, University of Adelaide, South Australia, 5001. 

* Physics Department, University of Western Australia 
Western Australia, 6009. 

1. Introduction There have been reports in recent years of. the 
possible observation of bursts in air shower data (e.g. Smith et al 
1983, Fegan et al 1983). If such events are truly of an astrophysical 
nature then they represent an important new class of phenomenon since no 
other bursts have been observed above the MeV level. The spectra of 
convential gamma ray bursts are unknown at higher energies but their 
observed spectra at MeV energies appear generally to exhibit a 
steepening in the higher MeV range and are thus unlikely to extrapolate 
to measurable fluxes at air shower energies (see e.g. Clay et al, 
1982). On the other hand, we now know that astrophysical objects are 
indeed capable of producing ultra high energy gamma rays and we should 
treat seriously the possibility of a burst acceleration mechanism. 

We have looked for deviations from randomness in the arrival times 
of air showers above ~ 10* 3 4 eV with a number of systems and results so 
far are presented here. This work will be continued for a substantial 
period of time with a system capable of recording bursts with multiple 
events down to a spacing of 4 ps . Following the suggestion of Fegan et 
al (1983) that their event may be related to a glitch of the Crab 
pulsar, we have- also searched our earlier data for the possible 
association of air shower events with a glitch of the Vela pulsar. 

2. Detecting Systems Four detecting systems were used in this work. 
Data from the earlier Buckland Park array was used to search for bursts 
from the direction of the Vela pulsar. This system has been described 
in detail elsewhere (Crouch et al [1981]). Data from the new Buckland 
Park array with a substantially lower energy threshold has been searched 
for evidence of any non-random component. This array is described in 
this conference (Clay et al 1985a). We have also used two simple air 
shower triggers employing, in each case, two scintillators in 
coincidence. One detector pair was operated at Adelaide with a 5.6m 
spacing (detector area 0.16 m^) and a median detected shower size of 

Ne = 4 x 10 4 particles. The second system, operated at Perth, consisted 
of two scintillators (area .07 m^) with a spacing of 6m giving a median 
shower size of 3 x 10 4 particles. 

3. Searches for any Non— Random Effect We have previously searched for 
non-random effects in our air shower time spacing distribution by 

testing our spacing distributions to see whether or not the exponential 
form extended to small time spacings. A non— random effect associated 
with bursts would be likely to result in an excess of small spacings. 
Since we have no 'a priori' reason for expecting a particular burst time 
scale, we have fitted exponentials (see Fig 1) for each data set above a 



OG 5.3-10 


267 



lower time spacing limit chosen subjectively by taking into account the 
recording pulse rate and then compared the number of events expected 
below this limit with the number actually observed. The results are 
shown in table 1. 




Table 1 



Experiment 

(Recording- 

Time) 

Spacing range 
for fitted 
exponential 

Mean event 
spacing 

Number exp. 
below range 

Number 
obs. below 
range 

Buckland 

Park 

(964 hrs) 

150-1000s 

312.6s 

4193±63 

4192 

Adelaide 
(2139 hrs) 

50-1000s 

103s 

28732±106 

28576 

Perth 
(2488 hrs) 

400-4000s 

977s 

3139±43 

3183 


One might also ask whether or nor there is any evidence for bursts 
in the data sets in terms of any series of small time intervals rather 
than an excess in the total number of small time intervals. We have 
examined our data and calculated for each system the number of times 
expected for observing a series of 3, 4 or 5 successive intervals, each 
below a certain minimum spacing. The results are shown in table 2. 

Table 2 


Experiment 


Number 

of times consecutive 

time 

intervals 

are <t 

(time-interval 

t) 

3 intervals 

4 intervals 

5 intervals 



expected 

observed 

exp. 

obs 

. exp. 

obs. 

Adelaide (20s) 


230 

221 

35.9 

44 

6.1 

8 

Buckland Park 

(2s) 

1301 

1270 

196 

245 

30 

41 

Perth (200s) 


62.7 

71 

11.8 

10 

2.2 

2 


268 


OG 5.3-10 


It is apparent that our data showed no evidence of any non— random 
effects with a total exposure of 5591 array-hours. 

4. Discussion Previous experiments which have reported the observation 
of UHE bursts have operated for periods of the order of a year. That 
is, long monitoring periods are required. In order to design an 
experiment to search for such bursts with the greatest efficiency in 
terms of data processing effort and use of the available data, it is 
instructive to examine tables 1 and 2. Bursts of the type detected by 
Fegan et al. and Smith et al. would have been detected readily by the 
technique employed in Table .2 but probably not at all by the method used 
in Table 1. A useful way of searching for bursts would then be to 
minotor any short time intervals between air shower events and to search 
for any periods which exhibit a series of such short time intervals. We 
are now using a time interval measurement device which responds to pairs 
of events with time spacings below 0.5s (compared to a mean rate of one 
per 9s with the new Buckland Park array) and records the occurrence of 
such an event together with the spacing (in units of 4ps). Bursts can 
then be identified by the observation of a succession of such short 
intervals. This is statistically powerful since the probability of 
having many successive small intervals by chance falls rapidly with the 
number of intervals. 

5. The Association of Bursts with a Pulsar Glitch Fegan et al 1983 
suggested that their observed burst may have been associated with a 
pulsar glitch. The Vela pulsar is at a declination which is easily 
observed from Adelaide and we have searched our 1979-1981 data 
set (1.3 x 10 5 events) for all events within our angular uncertainty 
arriving from the direction of the Vela pulsar (see Protheroe et al. , 
1984). The result of this search is shown in Fig. 2. These data show 
no evidence for any clumping. There is one day which contained three 
events but such *an occurence has a probability of ~66% in a data set of 
this kind. The Vela pulsar exhibited a glitch in this time period as 
indicated but no closely correlated events stand out. 


Fig. 2 The day of 
arrival of events from 
the direction of the 
Vela pulsar. Each 

column represents 75 
days of data. The time 
of a glitch is shown as 
g* 



•** 


* 
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AIR SHOWER ARRIVAL DIRECTIONS MEASURED AT BUCKLAND PARK 


P.R. Gerhardy*, R.W. Clay, J.R. Patterson, J.R. Prescott, 
A.G. Gregory, R.J. Protheroe 


Physics Department, University of Adelaide, South Australia, 5001. 

*Present address: Physics Department, University of Utah, 

Salt Lake City, Utah, U.S.A. 

The Buckland Park air shower array (Crouch et al 1977, Crouch et al 
1981) was operated for 3 years from 1979 to 1981 particularly for the 
study of anisotropies in the region of the knee of the size spectrum. 
The array which has been described in detail elsewhere was situated at a 
latitude of 35°S and had an effective size threshold of 

~ 3 x 10 s particles (~ 3 x 10 15 'eV for vertical showers). A number of 
results from this experiment have already been published including 
anisotropy analyses (Gerhardy and Clay, 1983) and searches for very high 
energy gamma ray sources (Clay et al. 1984, Protheroe et al. 1984, 
Protheroe and Clay 1984, Protheroe and Clay 1985). Here we wish to 
present our final distribution of measured shower arrival directions 
(Table 1). 





IH0.1 

»( 

1.9 


These 1.3 x 10 s events were selected as indicated in detail in Gerhardy 
and Clay (1983) and were essentially those events with well measured 
arrival directions. They are the same data set used in the above 
references but no complete sky map has previously been presented. 
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Abstract 

5 We ^mulate high energy cosmic ray propagation of the energy region 
10 ’ -10 eV in the inter steller circumstances. In conclusion, the 

diffusion process by turbulent magnetic fields is classified into several 
region by ratio of the gyro-rgd^us and the scale of turbulence. When the 
ratio becomes larger then 10 ’ , the analysis with £he assumption of point 

scattering can be applied^w^th the mean free path E . However, when tf\e 
ratio is smaller than 10 , we need a more complicated analysis or 

simulation. Assuming the turbulence scale of magnetic fields of the Galaxy 
is 10-30pc and the mean magnetic fields strength is 3 ip^cgo gauss, the 
energy of cosmic ray with that gyro-radius is about 10 eV. 


1 Introduction 

IjA^^y authors have studied cosmic ray propagation in magnetic 
fields' . Especially, Gleeson and Axford had solved a diffusion equation 
with the assumption that cosmic ray are scattered, bv scattering centers. 

The recent observation of Galactic magnetic field' shows the average 
field strength is about 3 micro gauss and the turbulent fields are about 
1.5 micro gauss. The gyro-radius of cosmic ray in the energy region, in 
which we are interested, becomes 0.1-300pc. The random magnetic fields 
cannot deflect the cosmic rays so hardly, but an amount of small deflection 
may cause a large scattering angle as a result. We know that, in some 
cases, we can sum up the effects in terms of point scattering and mean- 
free-path(mfp) . However, we are not sure this is the case in the cosmic ray 
propagation in the turbulent magnetic fields, especially when the gyro- 
radius of the cosmic ray becomes near to the scale of irregularities. The 
assumption of point scattering can be an over simplification in the study 
of cosmic ray propagation in that energy region. It should be checked by 
the numerical calculation or simulation. 

In this paper, we present a Monte Carlo simulation of cosmic ray 
propagation in the Galactic space and show a result in terms of diffusion 
tensor. Gleeson and Axford showed the diffusion tensor have three 
independent element (K.,,Kj_, K^) . The analytic form of these element as a 
function of mean free path are given by 


= i\c 


v r 3 


K = 


k t = 


1 + 


hi 

(U}A> K// 


and 


( 1 ) 

( 2 ) 

(3) 


1 + ( u >-£~) 2 

where \ is the mfp and iO is the gyro frequency of cosmic rays in that 
magnetic field. When we leave from the idea of point scattering of cosmic 
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ray, we should not use mfp at the beginning of the study. Rather it should 
be given as the result of diffusion process. In our simulation, we 
calculate the two diagonal elements K . . and Kj_ . We check the consistency 
comparing these formula. When the consistency is maintained, we try to 
calculate the mfp from the formula. 


2 Generation of random magnetic fields 

It seems to be a difficulty in the simulation with irregular magnetic 
fields to make the flux line conserved. This difficulty is avoided in our 
case by generating the vector potentials by random numbers. The steps to 
generate the random magnetic fields are following. First we embed a lattice 
in the simulation space, whose lattice constant is chosen as the scale of 
the irregularity of the magnetic field. We generate the vector potential 
A=(A , A , A ) for each lattice point with the probability given by 

X Y Lt 

exp(-AVt) dA i (i=x,y,z), (4) 

where t is a parameter to adjust the irregular magnetic fields strength. 

The vector potential in the point other than the lattice points are given 
by linear interpolation. The irregular magnetic fields are given by 

DH = rot( A ) , (5) 

with the random vector potential A. The total fields are given as the sum 
of irregular magnetic field and average field. When we wish to simulate the 
turbulent magnetic fields with some spectrum like the Kolmogorov's one, we 
prepare a series of lattices with different lattice constants. And sum up 
the irregular magnetic fields with the weight given by the spectrum. 

The motion of the cosmic ray particles is determined by equation of 
motion ; 


m 


dv 


dt 


= q(E + v x H) . 


( 6 ) 


However, in our simulation we neglect the effects from E. In other words, 
we assumed the magnetic fields is statical. This assumption can be 
justified because the velocity of cosmic ray is essentially light velocity, 
but the velocity of the magneto-hydrodynamical waves are around 10 times 
of light velocity in the interstellar circumstances. This also means that 
in our simulation, we neglect the effect of Fermi type acceleration or the 
diffusion process in energy axis. 


3 Simulation 

Our simulation is carried out as follows. We assumed that the average 
magnetic field(Hp) is aline with z-axis, and the average strength of the 
magnetic field is 3 micro gauss and that of the turbulent magnetic fields 
are 1.5 micro gauss in average. (We note that what is really meaningful is 
the ratio <CDH^/H 0 , which is 1/2 in our case. The absolute strength is 
needed when we translate the gyro-radius to the energy in the relation to 
the scale of the turbulence in relation to the (maximum) turbulent scale 
(=L )). We first put a number of cosmic ray particles at the origin and 
follow the motion numerically determined by the equation. The step time for 
solving (6) numerically is chosen as 1/10 of the gyro frequency and is 
changed with gyro frequency. This step time is chosen so that the error 
caused by it is small in our numerical calculation and that the simulation 
is executed within the reasonable cpu- tige . -Ta king th e st atistics of the 
position of cosmic ray in terms of (Jj. +y and (5 //=a z /> we can calculate 
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K from the time dependence of(f| and from the time dependence of . 

The random magnetic field is regenerated 5 * 7 every 250 step to accelerate the 
conversion of diffusion constants to average value. 

4 Results 

In fig.l, we show a result of 
our simulation in the form of 
dimension-less quantity; K^/(c x L Q ) , 
where i stands for // and ]_, c right 
velocity and L Q for maximum turbulent 
scale. The simulation of fig.l is 
carried out by assuming that the ^ 

magnetic fields' turbulence follows _J 

the Kolmogorov spectrum. The crosses \ 
and close ones show K . . and Kj_ £ 

respectively. We also made a 'Si 

simulation by assuming of the only 3 
one turbulent scale. We found a 
little difference between them. In 
both cases, however, we can say that 
the qualitative tendencies are the 
same. Therefore the farther 
simulation is executed assuming the 
only one scale in turbulence of log(R|_/L 0 ) 

magnetic field. 

The whole region can be divided into several regions by the_^igfusion 
tensor gegendences on the R^. When is in the region between 10 ” xL^ 

and 10 - ’ xLq , the Q rgt^o 4 K , ,/Kj_ is almost constant and bgtg are 
proportionalto R L * 2 " * *ben R L becomes lager than 10 ’ xL Q , K.. is 

proportional to R^ and is almost constant. We also gave a scale in 

fig.l to read the mfp directly_£rgm K,, using (1). We find in the region 
where the R is larger than 10 * xLq, (2) gives consistent relation 

between Kj_ L and K., assymgng the mfp. However, the relation (2) is not fold 
for R^ smaller than 10 - * xL_. We may gee that there is an another region, 
where the radius is smaller thjn 10 * xLq, s -*- ope R // dependences on 

the R changes to steeper (^R L ). However, the ambiguity of the calculation 
becomes large in this region and the reliability of simulation may be 
small . 

We also executed simulations with the condition ^DH/’/Hq = 1 and 1/4 
assuming of the only one (maximum) turbulent scale. These results are shown 
in fig. 2 and in fig. 3. The simbols are satjie 5 with fig.l^TJie whole region is 
divided into three regions at the R^ ; 10 * xL Q and 10 * xR o“ The 

dependences of K . . and Kj_ on R are the same with the case of <^DH//Hq = 

1/2. However, there is a quantitative difference in the value of K J_ 

and in the ratio K . ,/Ki . They are rather rapidly varying functions of the 

<dh;>. ' ' 

5 Summary and Discussions 

If we assume that the turbulent scale(L Q ) is 30pc and the average 
magnetic field stregggh is 3 mi^gOggauss, the energy of the cosmic ray with 
the gyro-radius 10 " xR q is " eV f° r the protons. For the higher 

energy cosmic rays, the assumption of point scattering in the study of its 

propagation in Galactic space is a fairly good approximation with the 
mfp'vE . However the facter in front of the power of E is a rapidly varying 
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log(R L /L 0 ) 


log(R L /L 0 ) 


function of <DH^>. We note, however, that this is a result of the 
accumulation of small deflection by the magnetic fields and the facter 
should be obtained by different ygtjaod; for example simulation. For the 
lower energy cosmic rays than 10 eV, the diffusion constants do not 
follow the formula (l)-(3). To study the cosmic ray propagation in this 
region, we need a simulation or more sophisticated analytic methods. It is 
noted that in this region the ratio of K . . and Kj_ is almost constant. If 
we assume the average strength of turbulent magnetic field is 1.5 micro 
ga^gSg the ratio is about 10. For the smaller energy cosmic ray than 
10 eV, the result of the simulation show a relatively large difference 
between different random number series. This fact might indicate that the 
other mechanism than the diffusion process like convectionshold be 
considred in the study of the propagation of cosmic ray with this energy in 
the Galaxy. 
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Abstract 

The cosmic ray propagation in the Galactic arm is simulated. The 
Galactic magnetic fields are known to go along with so called Galactic arms 
as a main structure with turbulences of the scale about 30pc. We study the 
distribution of cosmic ray in Galactic arm and discuss the escape time and 
the possible anisotropies caused by the arm structure. 

1 Introduction , > 

In the previous paper ' , we have reported a method to simulate the 

propagation of the cosmic ray in the turbulent magnetic fields. (We refer 
that paper as I here after). In this paper, we make a little extension of 
the work in I. The magnetic field in Galaxy is now considered to be alined 
along the Galactic arm. We simulate the propagation of the cosmic ray in the 
Galactic arm. It is expected that the cosmic ray is trapped in magnetic 
field of arm just like in TOKAMAK. We are interested in the distributions of 
cosmic rays in the Galactic arm by following reasons. As the origin of 
anisotropy of the arrival direction of cosmic ray, one may consider two 
reasons; the source distribution and the propagation in the Galaxy 
(including the leakage from it). If the distribution of the cosmic ray is 
not uniform, we can expect the anisotropy from the latter reason. As many 
authors suggested, the main reason. of the acceleration of cosmic ray is by 
the shock waves from the supernova' , the both reasons for anisotropy can 
be considered as the same thing. The study of the distribution of cosmic ray 
becomes important. We will study the possible anisotropy caused by the arm 
structure (or by the distribution of cosmic ray in the arm) and the escape 
of cosmic ray from the Galactic arm. 


2 Magnetic field in Galactic Arm and Model ^ 

The method of Rotation Measure as well as others k gave us the 
informations of the Galactic magnetic fields. It can be summarized as 
follows; the main structure of magnetic fields is aline along the Galactic 
arms and its average strength is 3.0 micro gauss. About the turbulence of 
magnetic fields, the strength is about 1.5 micro gauss and the scale of the 
turbulences is 10-30pc in average. 

As a model of the Galactic arm, we consider a right cylinder with the 
radius of 300pc , which is comparable to the thickness of Galactic disc 
determined by the rotation measure. We identify the axis of the cylinder 
with the z-axis. The 'average* magnetic field is assumed to be alined along 
the cylinder axis. The magnetic field is assumed as the sum of 'average' one 
and the turbulent ones. The 'average' magnetic fields varies with radius by 


H(r)= H q x exp(-r 2 /r 2 ) 


r 


(i) 
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where r Q is taken to be the radius of galactic arm; 300pc . H is determined 
so that the average of the magnetic field inside the arm is 3 micro gauss. 
(The average of turbulent magnetic fields is 0.) The generation of turbulent 
magnetic fields is essentially same with I. However, the strength of the 
turbulent magnetic fields with same r is generated proportional to 'average' 
magnetic field in average. The scale of magnetic fields' turbulence are 
taken 30pc . 

3 Simulation 

The simulation is executed almost same way with I. However, in this 
case the initial distribution of cosmic ray is taken as the uniform 
distribution in the Galactic arm. The directions of velocity are assume 
uniform. When a cosmic ray goes beyond r^ from the arm axis, it is 
considered to escape from the arm. In this simulation r^ is taken 600pc , 
with which distance, the gyro radius in the magnetic field given by (l^gs^ 
comparable to or larger than r^ for protons with energy greater than 10 
eV. (In this paper, we assume implicitly that the cosmic rays are protons . ) 
We observe the distribution of cosmic rays and calculate the escape 
probability of cosmic ray from the arm. To save the cpu time, we made a 
trick that the escaped particles are resumed into the arm with the position 
determined by the probability proportional to the distribution of other 
cosmic rays. This resumption is executed for the every time step 
corresponding to 250 years. With this trick the number of cosmic rays in 
simulation is kept constant. The escape probability is calculated from the 
resumed particle numbeij after the distribution of cosmic ray is considered 
stational for a few 10 years. The step tiyg for the gglgulation of cosmic 
ray particle motion is^aken 1 year for 10 eV and 10 ' eV and 10 years for 

greater energy than 10 eV. The step time is same or smaller than that of I. 


4 Result 


in4 



Fig. 1 


17 
log E 


In fig.l, we show the escape 
time calculated by the escape 
probability. It is interesting that 
the escape timggfgg .the cosmic ray 
with energy 10 ' eV is consistent 

with the extrapolation of the life, 
time of lower energy by E * ’ . 

The slogg gf the escape time larger 
than 10 ’ becomes steeper, which can 

be considered as the reflection of the 
structure of the Galactic arm. Wg^note 
the escape time of the energy 10 eV 
may show a smaller value, because the 
r^ used in this simulation is too 
small to consider that the cosmic ray 
at r^ surely escape from the arm. They 


can be return^gn^o^hg arm with the gyro motion by the magnetic , Jiglg . g In 
the region 10 * eV, the escape time is proportional to E * ' 

In fig.2,gWe show the r-distributions of the cosmic ray for various 
energy after 10 years when the distribution of cosmic ray is considered 
already ^tgtional . The r-distribution of cosmic ray with the energy lower 
than 10 ’ eV show a similar feature. In this energy region the cosmic ray 


density decrease exponentially. We can consider that the cosmic ra^g aro 
trapped in the Galactic arm. The r-distribution with the energy 10 eV show 
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a large difference from the lower 
one, which shows a slower decrease 
with r. This distribution su gg ests 
that the cosmic ray is not trapped 
in the arm so long time and easily 
escape from the arm. This is also 
shown in the escape time of this 
energy. It also noted that the 
distributj-gn of cosmic ray with the 
en^ggjr eV is different from the 

10 eV in the shape of the 

slope. This may indicate the 
distribution of cosmic ray with 
that energy is still in the course 
of the formation of stational form 
withig the simulation corresponding 
to 10 years. After the formation 
of the stational form, the escape 
probability can be smaller. 

In fig. 3, we show the Vg in 
average over all cosmic rays for 
various energies. is defined by; 


X- V - Y- V 

y x 


/ 


(2) 


We can see the v e become 
consideggbjly large for larger energy 
than 10 eV. It takes its maximum 





becomes smaller value. This value have 
direct relation to the anisotropy of 
the arrival direg^ign of cosmic rays. 

In the energy 10 eV, we can expect a 
few % of excess of the number of cosmic 
rays coming from the rotational 
direction around the arm axis and in 
the energy l(j)g ’ eV a few 10%. In the 
energy of 10 eV, this value also show 
a non-zero Vg value. However, this 
value fluctuates with time and also 
varies with r. We are not sure the we 
can expect the anisotropy in this 
energy. 

In fig. 4 we show the average of 
| V /V | in various energies. If the 
direction of cosmic ray velocity is 
isotropiCjgthis value is 0.5. In the 
energy 10 eV, it shows a large 
deviation from 0.5 to a larger value: 
0.6. The direction of velocity of 
cosmic rays, which stay in the arm for 
long time, are not uniform in this 
energy. In the lower energy, the value 




279 


0G5.4-2 

is very near to 0.5. In the context of 
anisotropy, |V /V|^>0.5 means there is 
an excess in the numbers of cosmic rays 
coming from the direction parallel to 
the arm axis. In this case the 
anisotropy is observed as the second 
harmonics . 

5 Summary and Discussions 

We have shown that the c^grnic rays 
with the energy lower than 10 eV are 
trapped in the Galactic arm. As the 
physical consequences , we can expect a 
few % (first harmonics) anisotropy of 
the arrival directiotjigO,f jf^sgic rays in 
the energy region 10 eV to the 

rotational direction around the arm 
axis. We note this is the direct consequence of the distribution of cosmic 
ra^and the gyro-rotation of them in the magnetic field. In the energy 
10 eV, the cosmic ray become easy to escape from the Galactic arm. The 
cosmic ray, which stay long time in the arm have smaller pitch angles. 
Therefore we can expect the anisotropy of second harmonics to the direction 
of arm axis. (Of course, if there is typical source near to the Earth, the 
anisotr^gy in this energy region is affected by it.) For the lower energy 
than 10 1 eV, the effect of arm structure in anisotropy of the arrival 
direction is uncertain. The anisotropy observed in this energy may be the 
reflection of the local structure of the Galactic magnetic field. It should 
be noted the magnitude of the anisotropy predicted here is consistent with 
the observations^ . However, the direction determined by the observation is 
different from £gr Q result. The observation of the anisotropy in the energy 
region above 10 ' eV have some ambiguity yet caused by poor statistics. The 

more elaborate experiments are expected. 
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COSMIC RAYS IN THE 10 16 TO 10 19 eV RANGE FROM PULSARS 

Amri Wandel and Donald C. Ellison 

Astronomy Program, University of Maryland, College Park, Maryland 20742 

Abstract . We calculate the flux of cosmic rays (CRs) produced by a 
distribution of pulsars that are (1) born with rapid rotation rates, (2) 
slowdown as they evolve, and (3) produce energetic nuclei with a 
characteristic energy proportional to their rotation rates. We find that, 
for energy independent escape from the disk of the galaxy, the predicted 
spectrum will be essentially what is observed between ~ 10 16 to 10 19 eV 
if the slowdown law as inferred for radio pulsars can be extrapolated to 
young pulsars with shorter periods. 

1. Introduction . The recent discovery of ultra-high energy y-rays from 
compact sources such as Cygnus X-3 (Samorski and Stamm 1983) has renewed 
speculation that compact objects may produce a significant fraction of 
the observed galactic CRs (Hillas 1984b; Chanmugam and Brecher 1985). 
Almost immediately upon the discovery of pulsars, they were suggested as 
possible sources of CRs (e.g. Ostriker and Gunn 1969). However, two major 
problems led most researchers to discount pulsars as important 
contributors to the CR flux. The first is the highly unlikely possibility 
that pulsars can produce nuclei in the GeV range with the observed CR 
composition. The observed composition at these energies is essentially 
the same as universal abundances (e.g. Meyer 1985) and strongly argues 
against sources as exotic as pulsars. 

The second problem concerns the ability of pulsars to produce ultra- 
high energy nuclei. Pulsars store vast amounts of energy in their 
rotational motion, and their large surface magnetic fields combined with 
rapid rotation Imply vacuum potentials in the CR energy range. However, 
it was considered doubtful that pulsars could produce nuclei with 
energies even remotely approaching the limit of their vacuum potentials 
(e.g. Arons 1981). 

Recent developments have prompted us to reexamine pulsars as possible 
CR sources. First, a relatively self-consistent explanation for CRs below 
~ 10 15 eV has been developed (e.g. Axford 1981). In this model, expanding 
supernova blast waves accelerate CRs out of the ambient interstellar 
medium. While many important details remain to be clarified, supernovae, 
combined with first-order Fermi shock acceleration, can be expected to 
account for the observed CR energy spectrum, energy budget, and 
composition up to ~ 10 15 eV. Above this energy, however, it becomes 
highly unlikely that supernova shocks can accelerate particles (Lagage 
and Cesarsky 1983; Wandel 1985; for an alternative view, see Jokipii and 
Morfill 1985). A feature in the CR spectrum is seen near 10 15 eV and the 
spectrum steepens above ~ 10 16 eV, suggesting that these CRs may have a 
distinct origin. From ~ 10 16 to 10 19 eV the observed CR spectrum is well 
described by a power law with index -3 (e.g. Hillas 1984a). Measurments 
of the composition become very difficult at these energies and few 
constraints on CR composition exist above ~ 10 16 eV. 

Second, Michel and Dessler (1981) have proposed that active radio 
pulsars may be surrounded by fossil disks left over from the collapse 
that produced the neutron star. In this model, the neutron star and disk 
act essentially as two coupled unipolar generators and are capable of 
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maintaining potential differences of the order of the vacuum potential, 

1. e., ~ a 2 B42, where a is the radius, £2 is the angular velocity, and B is 
the surface magnetic field of the pulsar. These authors suggest that 
nuclei can be accelerated from the disk (having near solar abundance) to 
energies on the order of this potential. 

We also note that y-rays with energies in excess of 10 16 eV have been 
observed from Cgynus X-3 (Samorski and Stamm 1983). This is reasonably 
clear proof that compact objects can accelerate nuclei to CR energies 
regardless of our inability to understand how they do it. 

In light of this, we examine a simple model for the production of CRs 
by a galactic distribution of pulsars. These pulsars would be born with 
high magnetic fields and millisecond (ms) periods, and would evolve 
according to the slowdown relation, dS2/dt «= 42°, where n is the braking 
parameter. The range in radio pulsar periods implies that this source 
would cutoff below ~ 10 16 eV and produce CRs rays up to ~ 10 19 eV, where 
another feature in the spectrum is observed. Cosmic rays above ~ 10 19 eV 
would be produced by yet another source that is most likely extra- 
galactic (Hilles 1984a). 

2. Model . We assume that pulsars are born at the rate, Q(42). Their 
evolution may be described by a diffusion equation in 42 space: 

In (N a) = Q( 42 ) , (1) 

where 42 = dS2/dt and N(52)d42 is the number of pulsars per unit volume in 
d42. For simplicity we assume that all pulsars are born with the same 
42 max , i.e., Q( 42) = Q 0 6(42-42 max ) • Equation (1) can then be solved to give 

N = - Q /SI. (2) 

Now, on very general terms, the magnetic torque should slow the pulsar so 
that 


42 « d 1 , with n = 3. 


(3) 


This result, which is essentially a dimensional consideration and is 
quite model independent, is also backed by observations of radio pulsars 
(for a detailed discussion see Michel 1982). 

Next we assume that pulsars produce nuclei with energies comparable to 
the vacuum potential, i.e.. 


E 

vp 


- a 2 B42 
c 


19 


- 6 x 10 (■ 


10 km 


) 2 (^) (■ 


B 


10 12 G 


) eV, 


(4) 


where P is the pulsar period in seconds. 

The particle spectrum produced by a distribution of pulsars, each 
having a differential flux, f^(E), is given by 


F(E) = / N(42)f S2 (E)d42. 


(5) 


If the particle spectrum of a specific pulsar is peaked at its vacuum 
potential, i.e., f si (E) 06 6[E-E vp ( 42) ] , eqs. (2)-(5) can be solved to yield 

" n , 10 16 < E < 6 x 10 19 eV, 

' r>~ • 


F(E) = E 


( 6 ) 
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where we have assumed that the flux of particles emitted by a pulsar is 
independent of il. The energy range is determined by a spread in pulsar 
periods from 1 ms to 4 s. If n = 3, this is just the observed slope of 
the CR spectrum in the above energy range. 

The above solution can be shown to be independent of the spectrum 
emitted by an individual pulsar. For an emitted spectrum of the form 

f n (E) “ E°, (7) 

we find that F(E) <* E -n+c l and is essentially independent of a if a > -1 
(Wandel and Ellison 1985). 

3. Discussion It is remarkable that a straightforward application of 
zeroth-order pulsar theory yields a spectrum consistent with the observed 
CR spectrum above ~ 10 16 eV. There are, however, many complicating 
factors that may alter this result, (a) Pulsars may be born with a 
distribution of periods, or with periods considerably longer than 1 ms. 
We note that the ms pulsars that have been observed to date may have been 
spun-up, have low magnetic fields, and would not produce the energetic 
particles we envision. A recent survey at 1.4 GHz (Manchester et al. 
1985) suggests, however, that many short-period pulsars would be 
discovered by searches with improved sensitivity, (b) Pulsars may not 
produce nuclei at energies near the vacuum potential. Cygnus X-3 produces 
highly energetic nuclei, but is not of the class of objects considered 
here, (c) Instead of a delta function at E vp as we have assumed, an 
individual pulsar may produce particles with a distribution of energies. 
However, due to the rapid pulsar evolution, the distribution of CRs 
produced by a population of pulsars is insensitive to the shape of the 
spectrum from a single pulsar, as discussed above, (d) We assume that the 
particle flux produced by an individual pulsar is independent of ft [i.e. 

I q I « 1 in eq. (7)]. The flux is determined by the details of the pulsar 
model and may depend on the geometry and magnetic field, which are 
assumed to vary slowly. Note, however, that if the emitted particle flux 
is related to the rotational energy loss, dE/dt = IS2J2 (I = moment of 
inertia), the flux would be expected to be a strong function of SI. (e) 
The braking parameter may not be constant and equal to 3. For instance, 
if the neutron star has a finite quadrupole moment (e.g. due to an 
internal field or a secular rotational instability), gravitational 
radiation would be emitted. If the neutron star looses angular momentum 
mainly due to gravitational radiation, then n ~ 5. For parameters typical 
of the Crab pulsar (Ostriker and Gunn 1969; Alper and Pines 1985), 
gravitational quadrupole radiation dominates magnetic dipole radiation 
only for P < 1-2 ms, so that the relevant S2 range is not affected 
significantly, (f) We must consider the effect of propagation on the 
source spectrum, eq. (6). This is treated below. 

At energies below ~ 10 15 eV, the interpretation of the secondary to 
primary nuclei ratios implies that the CR source spectrum is 

significantly steepened by propagation and energy dependent escape from 
the galaxy (e.g. Protheroe et al. 1981). At the energies considered here, 
however, there is no direct evidence that the source spectrum is modified 
by propagation. On the contrary, if we extrapolate the inferred 
scattering mean free path, A g , from lower energies (Ormes 1983) to 
10 16 eV, we find it is (for protons) of the order of the scale height of 
the galactic disk, and increases for higher energies. This suggests that 
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the diffusion approximation is not justified at energies above 10 16 eV. 
If these high energy particles are not confined, the observed CR spectrum 
is not modified by an energy-dependent leakage term, as it is at lower 
energies, hence the slope of the observed spectrum will be the same as 
the source spectrum. 

The observed CR flux above ~ 10 eV requires ~ 4 x 10 88 /t erg/s, 
where t r is the CR residence time in the disk and we have a/sumed a 
typical disk volume (e.g. Hillas 1984b). For scatter free propagation, t r 
~ 10 3 ' 5 yr. However, the mean free path at ~ 10 16 eV may be smaller than 
the scale height of the disk (e.g. if heavy nuclei contribute), in which 
case t r would be significantly larger (e.g. if A g ~ 50 pc, t r ~ 10 5 yr). 
The energy required to power the observed CR spectrum above - 10 16 eV 
would, in that case, be ~ 10 38 erg/s (cf. Hillas 1984b). This is # only a 
fraction of the rotational energy loss of the Crab pulsar (Iftft ~ 5 x 
10 38 erg/s). At higher energies, the residence time in the disk decreases 
to the scatter free value, but on the other hand, the energy required to 
power CRs decreases as 1/E while the energy input available from pulsars 
is “ NIflft « E. The rotational energy in pulsars is, therefore, more than 
sufficient to power CRs above 10 16 eV. 

In addition, the increase in anisotropy of CRs which is observed above 
~ 10 15 eV, may also be due to the mean free path becoming comparable to 
the thickness of the disk. If A g is ~T00 times the gyroradius, the 
transition energy should be in the range of 10 15 to 10 16 eV as observed. 

4. Conclusions. We have found that the observed cosmic ray spectrum in 
the energy range, ~ 10 16 to 10 19 eV can be produced by a distribution of 
pulsars if they are born with ms periods, evolve according to ft “ J2 3 , 
and emit nuclei with energies characteristic of their vacuum potentials. 
As indicated, this simple model makes several assumptions, some of which 
are ad hoc. However, we find it remarkable that the proper CR spectrum 
and energy range are reproduced with minimal assumptions and with 
virtually with no free parameters. This result is essentially independent 
of the spectral details of individual pulsars. 
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ENERGY DEPENDENCE OF COSMIC RAY COMPOSITION ABOVE 10 GEV/NUCLEUS 
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Carl E. Fichtel 
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Greenbelt, MD 20771 

ABSTRACT 

5 

It is argued that above 10 GeV/nucleus, in the range 
where charge-resolved spectra have not yet been determined, 
the appropriate measures of equal-energy composition are 
<lnA> and {InA}, the mean value and dispersion relative to 
the mean of InA, where A is the mass number. Experimental 
data which are sensitive to changes in <lnA> with increas- 
ing energy are examined. It is found that, taken as a 
whole, they show no change (±0.5) between 10® and 10®> GeV, 
and a decrease of 1.510.5 between 10® and 10® GeV, with no 
further change (±0.5) above 10® GeV. Taken as a whole, 
the various indirect estimates of the absolute value of 
<lnA> above 10® GeV/nucleus are also consistent with this 
pattern. For a wide range of astrophysically plausible 
composition models the value of the other measure, {InA}, 
is insensitive to changes in <lnA>. Because of this the 
existing data on {InA} can likewise easily be reconciled 
with this pattern. 


1. Introduction. The energy spectra of all the elements, insofar as 
they have been measured to date at the top of the atmosphere or above 
it, are well explained by a simple leaky box model with fragmentation in 
the interstellar medium and a rigidity dependent escape length. How- 
ever, measurements of charge-resolved spectra are increasingly difficult 
at higher energies. Particles are usually selected on the basis of en- 
ergy per nucleus, the practical upper limit being at present about 10^ 
GeV/nucleus. The composition of cosmic rays with equal energy is 
strongly biased in favor of heavy elements compared to cosmic rays with 
equal magnetic rigidity. Below 10® GeV/nucleus the equal-energy mass 
spectrum is in fact nearly rectangular from protons to iron. 

Above 10 5 GeV/nucleus the evidence on cosmic ray composition is in- 
direct. There is overwhelming evidence that nearly all of these cosmic 
rays are bare atomic nuclei, as at lower energies, rather than electrons, 
y-rays, neutrinos, dust grains, or exotic objects such as quark globs, 
magnetic monopoles, or mini-black holes. The indirect experiments are 
sensitive to primary mass rather than charge, but in view of the low 
resolution, conversions from one to the other are carried out assuming 
that Z = A/2 for nuclei other than protons. With a few exceptions the 
indirect methods select primaries of a given energy per nucleus, rather 
than energy per nucleon. They are unable at present to resolve the mass 
spectrum into individual nuclei or even groups of neighboring mass. 

With a few exceptions they can be classified into two groups: those 
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which measure the average primary mass and those which measure the width 
of the primary mass distribution. In most cases the theoretical line 
separation is proportional to InA rather than A. For this reason, and to 
avoid giving undue importance to elements in the Fe group, it is prefer- 
able to use InA as the underlying variable, and to group the experiments 
into some which measure the mean value <lnA> and others which measure 
{InA}, the dispersion of InA relative to the mean. The remainder of this 
work summarizes the available experimental evidence on the energy depen- 
dence of these two quantities, with emphasis, of course, on energies 
above 10 5 GeV/nucleus. 


2. Low Energy Region. The behavior of <lnA> and {InA} as a function of 
energy/nucleus is shown in Fig. 1. For energies = 10 5 GeV the points are 
calculated from directly observed charge spectra (see Linsley 1983) . In 
this region the value of <lnA> increases from 1.0 at 10 2 GeV to 1.7 at 
10 3 4 GeV and then levels off. Although one cannot rule out a certain de- 


gree of heavy enrichment at the 
sources in the upper part of this 
range (Juliusson 1975, Goodman et al . 
1979) , it is not necessary to assume 
any such enrichment; the increase of 
<lnA> can be explained entirely by a 
diminished path length at higher en- 
ergies, resulting in less fragmenta- 
tion of nuclei such as Fe during 
propagation from the sources to the 
earth. There is direct evidence 
from the JACEE experiment that the 
value of <lnA> is not significantly 
greater at 10^ GeV than at 10 4 GeV 
(Burnett et al. 1983), and there is 
direct evidence from an experiment 
by Sood (1983) that the intensity of 
Fe nuclei at the top of the atmo- 
sphere is no greater at 10 5 GeV than 
predicted by the standard model. 

3. High Energy Region. A number of 
ground level experiments measure 
<lnA>. Calibration is a problem, so 
some results are sensitive mainly to 
changes in <lnA> vs E, while others 
yield estimates of the absolute val- 
ue of <lnA>. One approach uses data 
on Xjjj, the atmospheric depth at 
which air showers reach maximum de- 
velopment; another uses data on Ny, 
the number of muons for a fixed num- 
ber of electrons at ground level. 

For a given primary A, barring any 
sudden unexpected changes in the 
character of high energy interac- 
tions, < x m > and <lnNy> are expected 



Fig. 1, Energy dependence of 
<lnA> and {InA}. CLOSED CIRCLES, 
calculated from charge-resolved 
spectra obtained in many balloon 
experiments; CLOSED DIAMONDS, 
Burnett et al . 1983; CLOSED SQUARE, 
Linsley & Watson 1981 from <x m > 
obtained in several air shower ex- 
periments; OPEN CIRCLES, Acharna 
et al. 1983; OPEN DIAMOND, Nikol- 
skii et al. 1979; TRIANGLE, Hara 
et al. 1983; INVERTED TRIANGLE, 
upper limit from {x m } obtained in 
several air shower experiments ; 

OPEN SQUARE, upper limit from 
{Inffy} (Volcano Ranch experiment) . 



286 


OG5.4-4 


to be almost linear functions of InE. Then for a mixed primary composi- 
tion, according to the superposition principle of Peters (1960) , they are 
linear functions of <lnA>. Consequently one expects to detect signifi- 
cant changes in <lnA> by observing changes in the experimentally measured 
rates of increase, d (<x m >) /d (InE) and d (<lnN^>) /d (InE) . 

The former is called the 'elongation rate'. The first systematic 
investigation capable of applying the elongation rate test indicated that 
<lnA> undergoes a large decrease in going from ■v 10 6 to 10 8 GeV (Thornton 
and Clay 1979) . Since then the energy dependence of the elongation rate 
has been investigated by many groups using a wide variety of methods 
(Kalmykov et al. 1979, Antonov et al . 1979, Walker and Watson 1981, 
Chantler et al . 1982, Kvashnin et al . 1983, Alimov et al . 1983, Inoue et 
al. 1983, Cady et al . 1983). Although the later results are not all per- 
fectly consistent, taken as a whole the <x m > results require a decrease 
in <lnA> of 1.5 or more, which corresponds to changing from a mixed (low 
energy) composition to one highly proton enriched, between 10 6 and 10 8 
GeV. In the region above this change, where the elongation rate test in- 
dicates little or no further change in <lnA>, the absolute value of <lnA> 
was found from a detailed analysis of <x m > data to be 0 l 8 * 6 Linsley and 
Watson 1981) . 

The other indicator, d (<lnN y >) /d (InE) , is less sensitive and more 
difficult to calibrate. The independent variable in actual experiments 
is N e rather than E, but one expects N e to be nearly proportional to E 
for given primary A, so the same principles apply. A change in composi- 
tion will cause the value of d (<lnN y >) /d (lnN e ) to be less in a region 
where <lnA> is decreasing than it is where <lnA> is constant, but for low 
energy muons (E y <10 GeV) the expected change (corresponding to the varia- 
tion in <lnA> described above) is only 8-10% (Grieder 1983) . This is not 
much more than the uncertainty in the reference value (the value for 
<lnA> ^ constant), and the actual sensitivity could be even less. In 
fact, d (<lnN y >) /d (lnN e ) for E y <10 GeV does not show any significant 
variations in the region where it has been studied, from n, 10 8 to 10 8 
GeV/ nucleus. For higher energy muons the expected difference is greater, 
however, amounting to n, 15% for E y = 220 GeV. The only experiment on 
high energy muons capable of showing this kind of change has given re- 
sults in good agreement with those from the <x m > measurements (Acharya et 
al. 1983). A notable feature of this experiment is that the primary en- 
ergy range extended down to 10 8 GeV; that is, to the region where <lnA> 
has been measured directly using balloons (Burnett et al. 1983, Sood 
1983) . This result and the one by Linsley and Watson are shown in Fig. 1. 

Constancy of <lnA> in the interval lO^-lo 8 GeV is also indicated by 
data requiring other types of analysis: data on very high energy (TeV) 
muons (Elbert 1982, Battistoni et al. 1983, Matsuno et al . 1984, Allkofer 
et al. 1984) , and on the energy spectrum of air shower hadrons, as anal- 
yzed by Grieder (1983, see also Dybovy and Nesterova 1983). Some other 
results on the hadron component have been seen as favoring a strong Fe 
enhancement in the interval 10 8 -10^ GeV (Goodman et al . 1979, Amenomori 
et al. 1983). However, like earlier claims for an iron anomaly at lower 
energies, these claims are not well enough supported to withstand the 
overwhelming weight of contrary evidence. 
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It should be noted that many of the indirect experiments are sensi- 
tive primarily to {InA} rather than <lnA>. These experiments measure air 
shower fluctuations. The quantities that have been studied mainly are, 
again, x m and N . Unfortunately {InA} is not very sensitive to the vari- 
ous assumptions that can be made about cosmic ray composition. If one 
assumes that the possibilities range from pure protons (<lnA> = 0) to 
pure Fe (<lnA> = 4), then the maximum value that {InA} can have is 2, not 
much greater than the observed value in the low energy domain. Even a 
small admixture of protons with otherwise pure Fe, or of Fe with other- 
wise pure protons, will appreciably enhance the shower fluctuations so as 
to give {InA} n, 1, which is about as low a value as any of the experi- 
ments have given. Experiments which measure the fluctuations of x m 
escape this criticism somewhat because {x m } is sensitive to <lnA> as well 
as {InA} (Linsley 1983) . The observed fluctuations above 10 8 GeV are 
consistent with pure proton primaries or with mixtures containing up to 
50% of nuclei heavier than helium. They are not consistent with pure Fe 
primaries or with mixtures containing only a small percentage of light 
elements (Walker and Watson 1982, Dyakonov et al . 1983, Hara et al . 1983). 

4. Conclusions. Below 10"* GeV/nucleus the equal-energy composition var- 
ies with energy in the manner expected due to fragmentation in the inter- 
stellar medium with a rigidity dependent path length. The increase of 
<lnA> in this region is not a property of the sources, but is rather a 
propagation effect. Between 10 3 and 10 8 GeV there is little change in 
<lnA>. Between 10 8 and 10 8 GeV the average primary mass decreases to 
about 1 (<lnA> 't 0) . It then remains constant, from 10 8 GeV to the high- 
est observed energies (E ^ 10 11 GeV/nucleus) . 
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1« Introduction . In an earlier paper at this conference (OG5.4-4) by 
Linsley and Fichtel (1985), it was shown that current cosmic ray 

evidence supports a change in the cosmic ray composition in the region 

between 10® and 10 GeV total energy in the direction of a smaller 
average value of A. Compared to normal celestial abundances, the heavy 
nuclei are much less abundant, and. In fact, the composition 
measurements above 10® GeV are consistent with there being only 
protons. Here, these results combined with those of the energy spectrum 
and anisotropy of the cosmic rays and other astrophyslcal Information 
will be examined to try to determine their implications for the origin 

of the cosmic rays. In the next two sections, there will be a 

consideration of the implications of one or more than one type of source 
in the galaxy to see which are consistent with the interpretation of 
current measurements. In the last section, the nature of the source 
types that would be required are discussed. 


2. Consideration of a One Source Type. These sources would presumably 
be distributed throughout the galactic plane. The possibility of a 
8 ingle source at the galactic center or elsewhere is a special case. 
The most likely possible sources of cosmic rays, at least for the lower 
energies (10® GeV), appear to be supernovae and pulsars. Since the 
models generally envision the acceleration of the outermost layer (in 
the case of a supernova) or surrounding material (for a pulsar), there 
is not a major problem in reproducing the observed composition at lower 
energies at least in broad terms when subsequent fragmentation in the 
interstellar medium is considered. 


Figure 1 summarizes current Information on the observed total 
energy spectra. It Is clearly not possible to obtain agreement with the 
all particle energy spectrum by assuming that all types of particles 
have an energy spectrum that continues as a power law with the same 
slope to arbitrarily high energies. It is also not reasonable to expect 
this to occur if these particles are galactic, because, even if they 
have such a spectrum at the source, there Is a rigidity above which they 
cannot be held easily in the galactic arms in the plane (Peters, 1959; 
Fichtel, 1963). Using an estimated magnetic field value based on 
current information that is slightly smaller than used in the latter 
paper, that rigidity is estimated to be between 10® and 10^ GeV. 
Clearly the steepening in the all particle spectrum at or somewhat below 
10' GeV is consistent with this concept, and the change in slope at 10^ 
GeV (actually suggested by Fichtel, 1963, before it was reported by 
Linsley, 1963) may suggest an extragalactic component, although other 
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Fly 1: Covulc Ray Pkrttcle Intensity as a Function 

of kinetic energy per particle. The references corre- 
sponding to the symbols In the figure for nuclei of 
all types are as follows: closed square. Ryan et al. 
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(1972), Simon et al . (I960); and Burnett et al . 
(1963a): closed triangle. Burnett et al. (1983bTi 
open clrcTel Grlgorov et al . (lWl); asterisk . 
Christiansen et al. (1983): open tqukre, Ef(mo» and 
Sokurov (1983T; wen triangle ! Ca Point* et al . 
(1968); closed diamond. Cunningham et al. (1960); 
closed circle . Bower et al . (1963). The circled 
numbers refer to the following 1 H (protons); 2 He; 

2- (C.N.O); 4, (10 < 2 < 20) ;T_, (21 < Z < ID). The 
hatched portTon (-H+H th * curves are based on a 
large maaber of balloon flight results. Including: 
Ormes and Webber, (1965); Freler and Haddington, 
(1968); Leznlak and Webber, (1971); Webber et al . 
(1972); Ryan et al . (1972); Ormes and 
Balasubrahmanyan, (1973); Jullusson, (1974); Fisher 
et al. (1974); Arons and Ormes, (1975); Julllot 
et al . (1975); Lund et al . (1975); Fisher et al . 
(1976): Haqen et al. (1977); Caldwell and Meyer, 

(1977); Maehl et al. (1 977); Weber et al . (1 977); 
Wefel et al . ( 1 97 7 ) ; Leznlak and Webber (1978); 

6arc1a-hunoz et al . (1979); Simon et al. (1980). 

The remainder 57" the curves ane tbe cosmic ray 
particle Intensity spectrum predicted for a single 
source model with a rigidity dependent escape, as 
explained In the text. 


explanations are possible. Spectra which continue as a constant power 
law until a rigidity where particles begin to escape clearly, however, 
will not explain the moderate flattening of the spectrum from 10^ to 
almost 10^ GeV. As one approaches the rigidity where particles escape 
relatively easily, it is not unreasonable in a trapping and diffusion 
region to expect a lessening of the escape rate just below the rigidity 
where escape becomes relatively easy, as a result of the rigidity being 
large enough so that the smaller irregularities in the field are in 
effect not being seen by the particles. There must, of course, also not 
be a high intensity of large scale irregularities. One does not know if 
this is the situation, but it is at least plausible. 

For Figure 1, a one source model was chosen with a power law of 

the form 

j z -A z E" a (1) 

for energies above the rounded portion of the maxima, and with the 
relative abundances shown as deduced from the balloon instrument 
results. The slope in Figure 1 may be interpreted as consisting of two 
parts, a and b, where a is given by equation (1) and b is a rigidity 
dependent escape term, as suggested by Ormes and Protheroe, (1983). 
Below 10-* GeV, but above the rounded portion at low energies, the value 
of (a+b) used in Figure 1 is 2.7. Following this thinking and that of 
the last paragraph, b then decreases somewhat as escape becomes slightly 
less likely at 10* GeV and then increases markedly at 5x1 0^ GeV. The 
values of (a+b) used in Figure 1 are 2.55 and 3.05 for 10^GeV<5xl0^GeV 
and R>5xl0^GeV respectively. It is now known (see, for example, 
Linsley, 1983) that there is an energy dependent anisotropy, which is 
consistent with a galactic population up to about 10*0 GeV. 

The measurements of the composition, or more exactly, the 
average value of the logarithm of the number of nucleons per nucleus, 
were discussed by Linsley and Fichtel (1985). The determined values of 
<lnA> as a function of energy are shown in Figure 2 together with the 
variation of <lnA> with energy predicted by the energy spectra shown in 
Figure 1. Clearly the curve, (a) in the figure and the data do not 
agree. It should be noted that the general shape of this curve, that is 
the rise to a higher value and then a leveling to a constant, is a 
result of the same source energy spectra for all nuclear species and a 
rigidity dependent escape. It does not depend significantly on the 
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Fig 2: The ivertge value of InA as a function of 

particle kinetic energy. Closed square . Burnett etal. 
(19636); open circles . Acharya et al . (1963) with <Nu> 
converted to <lnA> using slwulatlon results given by 
Acharya (1963); closed circle , llnsley and Watson (1961). 
Due to the expertaental errors some of the open circles 
fall below <lnA> - 0. In formal violation of the astro- 
physical constraint, for primary nuclei, that <lnA> 
should be zero (pure protons) or greater. The results 
below l(r Gef are normalized to the balloon results 
listed In the caption of Figure 1. Curve (a) refers to 
the single source model discussed In the test, whose 
spectra are shown In Figure 1. Curve (b) refers to a 
single source model In which the highest energy particles 
pass through much more matter. Curve (c) refers to the 
two source type model discussed (n the text, wherein the 
spectra of both sources change at 3x10 s GeV/C due to 
escape from the arms. Curve (d) refers to the two source 
type model discussed In the text, wherein one source has 
truncated spectra, which are shown In Figure 3, 

source spectral shape. A possibility for a change in the composition of 
the type observed in a single source model is that it is a propagation 
effect. If, as seems almost certain, the magnetic fields in the Galaxy 
beyond the galactic arms are significantly weaker than in the arms and 
the matter density beyond 1 kpc from the plane is small, <10 - ^ cm - ^, 
then the cosmic ray saturation density for the galaxy is well below that 
in the arms, and the lifetime is such that the matter traversed is very 
much less than that required to give the fragmentation of the heavy 
nuclei needed to cause predominantly heavy-nuclei-f ree cosmic ray 

composition above about 10^ GeV. 

3. Two Source Type Models . The introduction of two-source models is 
naturally aimed at avoiding the difficulties that have just been 
described. The discussion in this paper will be restricted to galactic 
sources being in the plane. Even subsequent acceleration models, which 
would not address the composition change at 10^ to 10^ GeV, are 

generally discussed in terms of the galactic plane. The basic concept 

which seems plausible is that one type of source dominates below about 
10^ GeV and the other above about 10' GeV with there being an overlap or 
transition region. As the apparently simplest assumption, the source 
type supplying the lower energy region will be taken to have the 
characteristics of the one-source-type model, but with no change in 

spectral slope until the escape from the galaxy. It will be assumed 
that the source at high energies, consisting of protons or mostly 
protons, whatever its origin, has a smaller slope, but also being a 
diffuse galactic source must have its steepening at the same rigidity as 
the lower energy type of source and by the same amount. An example of 
the results of this approach is shown in Figure 2 as curve (c), wherein 
the increase In slope due to escape from the arms occurs at 3x16^ GeV/C 
and the slope increases by 1.0 for all spectra. The energy spectrum 
matches well and the predicted <lnA> as a function of energy comes 
closer to the experimental values. 

From an examination of the experimental data, however, it 
would appear that the composition may change at a somewhat lower energy; 
hence, either the escape rigidity must be overestimated or the lower 
energy source must not accelerate particles efficiently to quite this 
rigidity. If the escape rigidity is lowered significantly, it is not 
possible to obtain agreement with the total energy spectrum unless a 
more complex energy spectrum is assumed for the high energy source. The 
result for the total particle energy spectrum obtained by assuming that 
the lower energy cosmic ray spectra changes slope at 5x10^ GeV, while 
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Fig 3: Cosmic r«y pxrtlcle Intensity spectrin predicted 

by < two source type model In which the domlnent low 
energy source hes « source spectrel chenge it 3x10 s GeV 
end the high energy source reflects e spectrel slope 
chenge et 5x10® GeV due to the effect of cscepe. the 
dete ere those referenced In Figure 1. 


ENERGY/PARTICLE (GeV) 

the higher -energy source spectral change due to escape from the arms Is 
around 5x10^ GeV, is shown In Figure 3. The predicted behavior of the 
composition (lnA> vs E) Is shown as curve (d) In Figure 2. There Is 
good agreement here with this broadened set of assumptions. Also, the 
Increasing anisotropy Is consistent with this model as It would be with 
any diffuse galactic source model as noted earlier. Should <lnA> not 
decrease as rapidly with energy as the data In Figure 2 show, as 
suggested by Nikolski and Stamenov (1983) and Dyakonov et al. (1983), 
the conclusions with regard to the nature of the two source types would 
be unchanged except that the higher energy source type would have more 
heavy nuclei. The significant point is that an acceptable two-source- 
type model seems possible. 


4. What are the Two Source Types . As noted earlier, there seem to be 
several plausible theories to explain the cosmic rays comprising the 
component below about 10' s GeV. The source of higher energy galactic 
cosmic rays must be able to accelerate particles to 10^® GeV. Further, 
this component is probably dominated by protons or may at most be a 
mixture of protons and relatively small amounts of helium and heavy 
nuclei compared to the celestial normal abundances. With regard to the 

composition, there seem to be at least two ways In which It might be 

achieved; the source could be a basically proton source (or produce 
neutrons which decay to protons), or the source could have a normal 
composition, but the particles could subsequently traverse enough 

material or photons In the source region to cause sufficient 

fragmentation of the heavier elements to leave a mixture of largely 
protons and some helium nuclei at least for part of the energy range. 
Possible source models Include one associated with pulsars, although the 
highest energies are a difficulty, and a rapidly rotating massive black 
hole at the galactic center. 
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the primary cosmic ray mass composition at energies 
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1 . INTRODUCTION. It has been demonstrated by us (Gawin et 

al 1984) that the experimental data on EAS at the energy int- 
erval 10'-* - 10 1 ' eV seems to be described best if it is ass- 
umed that the Galactic cosmic rays are described by some sort 
of a two component picture. The first component is of a mixed 
composition similar to that at lower energies and the second 
is dominated by protons. Overall spectrum starts to be enric- 
hed in protons already at energies about 10 1 -* eV but the eff- 
ective mass of the primaries remains constant up to energies 
around 10 1 eV. That results from the fact that composition 
gradually changes from multi-component to mixture of protons 
and heavies. 

That picture receives also some sort of support from re- 
cent observations of relatively high number of energetic pro- 
tons in JACEE and Concorde experiments (Burnett et al 1984 
and Capdevielle 1984). 


2. THE MASS COMPOSITION FOLLOWING FROM TWO COMPONENT 

PICTURE OF THE GALACTIC COSMIC RAYS. 

The integral ebergy spectra of the primary particles 
different masses are described by following expression: 


of 


j (> E)=(C /1.7) E- 1 * 7 exp(-(E/D )*) ( 1+E/ 3.33 .10**) 


4\0;3 


-2 -1 

1 m s 

-1 

sr 

and 

energy in 

Ge 1 

A 


C A 

d a 

P 

1.72 

10 4 

3.33 

10 

ot 

9.2 

10 3 

6.67 

10 

CNO 

6.2 

10 3 

2.17 

io ( 

H+VH 

9.2 

10 3 

4.33 

10 1 

Fe 

6.2 

10 3 

8.66 

10* 


6 
6 

> 

6 

1 

The integral spectrum of the additional proton component 


j ( >E)=2.78(E -1 - 2.5 10“ 7 ) , f or E^2 lo‘ 
P A 6 


GeV 


= 2.78 10 6 E~ 2 


.for E>2 10 GeV 




293 


og-5.4-6 


3. THE FLUXES OF IIADRONS AT SEA LEVEL. We have already de- 

monstrated (Kempa and Wdowczyk 1983) that the fluxes of hadr- 
ons at mountain altitudes can be well described using the dis- 
cussed here mass composition and the picture of high energy 
interactions described elsewhere in this proceedings (HE- 1.2- 
4). In figure 1 we have compared the fluxes of hadrons observ- 
ed at sea level with predictions based on the above stated as- 
sumptions. We can see that the agreement is moderately good. 


T 
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<N| 

i 

£ 
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Fig.1. Hadron energy sp- 
ectra at sea level. The 
dotted line is the pred- 
iction for the two comp- 
onent spectrum B-flux of 
nucleons for the two co- 
mponent model and A- the 
flux of nucleons for the 
heavy enriched spectrum 
(Tan et al 1982 ) . (*-Sio- 
han 197 6, — Arvela et al 
1981 Ashton et al and 
Baruch et al 1977) 
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4, FLUXES OF HIGH ENERGY MUONS. Under the same assumptions 

about high energy interactions and primary particle mass comp- 
osition we have calculated the fluxes of high energy muons in 
the atmosphere. The fluxes were calculated taking formulae for 
p-nucleus interaction, making detailed allowance for the muon 
energy losses in the atmosphere and the losses due to the muon 
decays. Probabilities of the decay were calculated taking into 
account varying energy of muons with depth. Curvature of the 
atmosphere was taken into account in the calculations for the 
inclined direction. The results of calculations are compared 
with experimental data in figures 2-4. In figure 2 the compar- 
ison is made for muons recorded at ground level, in figure 3 
underground at shallower depth and in figure 4 at large depths. 
It should be pointed out that the good agreement seen in figu- 
res is obtained without any normalisation, The predicted inten- 
sities are plotted as they are obtained from the assumed prim- 
ary spectra mass compositions and assumptions about the pictu- 
re of high energy interactions. In figure 2 are also plotted 
predictions obtained for the heavy enriched spectrum ( Tan et 
al 1982 ). v 

In calculations of the depth intensity curve the fluct- 
uations in muon range were taken into account. 
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Fig. 2. The muon 
energy spectra 
at various ang- 
les. The contin- 
ous lines are 
the predictions 
based on the 
two component 
model, the dotted 
lines are the 
predictions for 
the heavy enric- 
hed spectrum 
(Tan et al 1982) 

' 4 - Allkofer et 

al 1981, A 

1971* * Jokish et 

al 1979»4 r Kh:renov 
1977» ( ! , Matsuno et 
al 1984, C Thomp- 
son et al 1977) 



Fig. 3* Depth intensi- 
ty curve (after Kris- 
hnaswamy 1981) for 
shallow depths compa- 
red with that calcul- 
ated from the muon 
spectrum obtained by 
us (B). 
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Depth in hg cm 


Fig. 4. The same 
as in figure 3 
but for the 
greater depths. 


5. CONCLUSIONS. We have demonstrated that the fluxes of high 
energy secondary particles observed in atmosphere can be well 
predicted on the basis of the two component picture of the 
Galactic cosmic ray and the picture of high energy hadron - 
nucleus interaction deduced from the accelerator data. 
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U.H.E. PARTICLE PRODUCTION IN CLOSE BINARY SYSTEMS 

A. M. Hillas 

Physics Department, University of Leeds 
Leeds LS2 9JT, UK 

ABSTRACT 

Cygnus X-3 appears to generate so much power in the form of 
charged particles of up to 'VLO 17 eV that the galaxy may need 
£1 such source on average to maintain its flux of u.h.e, 
cosmic rays. Accreting gas must supply the energy, and in a 
surprisingly ordered form, if it is correct to use a Vest- 
rand-Eichler model for radiation of gammas, modified by the 
introduction of an accretion wake. Certain relationships 
between 10 12 eV and 10 15 eV gamma rays are expected. 

1. Evidence for emission of gamma rays at distinct orbital phases 
Ultra high energy gamma-rays have been 
observed from Cygnus X-3 and a few other 
X-ray binary sources. 

First, to establish that underlying 
the variability there is a well-established 
pattern. Figure 1 compares the time profiles 
of the radiation observed from the direction 
of Cygnus X-3 by several independent workers. 

The flux (usually presented as a departure 
from the normal all- sky background) is plot- 
ted (on an arbitrary amplitude scale) against 
phase of the 4.8-hour binary orbit, with 
phase zero, as usual, corresponding to the 
minimum intensity of the X-ray signal, pre- 
sumed to be when the X-ray source near a sup- 
posed neutron star is partly hidden behind 
the larger companion star. Apart from the 
early but very lengthy data set 1, the phase 
in all plots has been calculated from the 
X-ray data of van der Klis and Bonnet-Bidaud 
— the orbital period slowly changing with 
time. The observers do agree on brief peri- 
ods of emission during the orbit: the 10 15 eV 
observations indicated a burst of gamma-ray 
emission near phase 0.25 in the orbit, 
whilst at 10 12 eV the main emission occurs 
near phase 0.63. However, during the leng- 
thy Crimean observations, the phase of the 
main emission would switch between roughly 
these two regions (though the exact align- 
ment of the phase plot from this early date 
is difficult). And the latest 10 15 eV ob- 
servations at Haverah Park (this conference) 
show the emission much stronger around the 
0.63 peak. The Whipple Observatory (Mt. 

Hopkins) observers have demonstrated consid- 
erable month-to-month variability in flux (and two of their time profiles 
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Figure 1. (Refs 1-6) Occur 
ence of gamma rays from 
Cygnus X-3 vs orbital phase 
Below: Vela X-l phase plot 
(7), and observations of 
Her X-l. 
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are shown) : year-to year variability is also found at Haverah Park. 

The particles causing the observed air showers are taken to be pho- 
tons because (a) they are uncharged, being deflected <2° in the 12 kpc or 
so from Cygnus X-3, (b) they do not decay in the 40*000 year journey, 

eliminating neutrons and neutral atoms (which would become ionized), and 
(c) the time dispersion <0.15 orbital period implies a Lorentz factor 
>1.5xl0 4 : if the threshold energy is 0.5 TeV, fflp r i ma ry < 33 MeV. (For Her 
X-l, the 1.2-second modulation implies a time spread < 1.5 sec after 5 kpc 
(1 TeV): m<3 MeV. For the Soudan mine radiation, not discussed here, 
if E prim^5 TeV, m p rim < 400 MeV.) 

2. Mode of production of the gamma-rays 

The basic process put forward by Vestrand & Eichler (8) is still 
basically the most promising, but it requires modification. In its orig- 
inal form, this model had a neutron star in orbit around the companion, 
and accelerating protons to high energies, emitting them (roughly) in all 
directions, and those few that grazed the top of the atmosphere of the 
large star would suffer nuclear collisions and generate neutral pions and 
hence gamma-rays. Just at certain points in the orbit, a distant observer 
would see gamma rays briefly as the source passed behind the star, and 
later as it re-emerged. At phase 0.25 we might be seeing the re-emergence 
pulse if the atmosphere were swollen by gas emission. However, a pulse 
near phase 0.8 is dubious, whilst the prominent pulse at ^0.63 occurs when 
the neutron star is well to the front of the companion! 

This latter phase may not be an accid- ^ 

ental feature, as the (sole) report of gam- / 

ma rays from Vela X-l (Figure 1) shows sharp ( \ 

emission at the same phase. Is there a gas 

target in this direction? This is in fact \ J 

the direction in which an accretion wake is , /' ' 

expected if accretion occurs from a stellar 

wind (see Figure 2). Such a wake is seen as . ' ^ "4 ' 

an X-ray absorption in Cen X-3* for instance u -' ■_ \f^t" 

(9). If the radial wind has a speed v w and ' *~t*\f*' . ^ 

the n-star orbital speed is v 0 , the wake # ^protons 

will lag behind the outward radius by an J? 

angle tan -1 (v 0 /v w ) : i.e. 45° if v w = v 0 - 

appearing at phase 0.625., or 35° (phase 0.60) . . r 


y ^protons 


0-6 / 


if v w ~ v e scape - ^2v 0 . v 

To support the V & E model, one may „ 0 , ... 

note that the gamma ray spectrum extends to igure . uppose geome ry 
in , 6 . , for Cygnus X-3. 

10 1 eV, but that gamma rays cannot pass 

through a region where Bj_> 4X10 1 8 eV /E gauss — about 400 gauss in this 
case. As statistical particle acceleration to such energies is unlikely 
(especially in weak fields) on the available time scale (10), it is highly 
probable that the particle acceleration occurs in a region of stronger 
(e.g. pulsar) field than this, so the gamma rays are produced in a place 
outside the acceleration region — i.e. on a "target". Electrons are 
unlikely to survive the strong fields involved in acceleration to 10 17 eV: 
hence the assumption of protons (10). 

The observation of brief gamma-ray emission from Her X-l at the time 
(11) interpreted as the moment of reappearance of the n-star from obscura- 
tion by a dense accretion disc also supports a gas-target picture in the 
case of this source. 
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3. Significance, for cosmic rays, of magnitude of power output 

(a) The cosmic ray power output of Cygnus X-3 may be estimated 
roughly as follows. Above 10 15 eV, the Haverah Park flux is 'U3> < 10“ 14 
photons cm -2 s _1 : these bring an energy flux l.lxlO -10 erg cm -2 s~ 1 per 
decade (e.g. in the decade to 10 16 eV). The published time profile indi- 
cated a pulse duty ratio a<0.02 f so if there had been a suitable gas targ- 
et in place all round the orbit the photon energy received would have 
been 50 times this. Allowing for absorption of a factor 3 (by pair pro- 
duction on primeval radiation) en route, an efficiency ^1/6, say, for 
converting proton energy to gammas, a source distance r = 12 kpc , and 
supposing the particles appear in a solid angle Q, the total power emit- 
ted in the proton beam is 

W = (Q/4Tr)x6x3x50xl.lxl0" 10 x4Trr 2 = (ft/4rr)xl.7xl0 39 erg s" 1 per decade. 

The proton spectrum must extend to n/LO 17 eV to produce photons up to 10 16 
eV, and most of these protons should escape into the galaxy. To maintain 
the present flux of galactic cosmic rays above 10 16 eV the galaxy probably 
needs an energy input ^5x10 3 7 erg s -1 above 10 16 eV (12) — based on a 
roughly estimated trapping lifetime ^2.5xl0 5 years at this energy (12). 
Hence one such object active for only part of the 10 5 year storage time 
could supply the galaxy's flux of lCr 6 -10 17 eV protons. 

(b) Accelerated spectrum? Perhaps the neutron star can generate a 
power-law spectrum of protons (like the observed gamma spectrum), but 
alternatively, for direct (non-statistical) acceleration it may emit most 
of its power near the upper energy limit — say 10 17 eV, the roughly 
E _2 dE spectrum of gamma rays resulting from cascading in the target area. 
(It has been shown elsewhere (12) that if a magnetic field exceeding a 
few tens of gauss is present in the target area one can generate a cascade 
rapidly by synchrotron radiation following pair production, without need- 
ing very much matter — and the result has a spectrum very much like the 
overall gamma spectrum from Cygnus X-3.) The power in the 10 17 eV protons 
then has to be sufficient to supply the energy in several decades of 
gamma rays. 

If such a powerful source is indeed not often present, we are evid- 
ently lucky to see it I Is the existence of other sources then an embar- 
rassment? The other 10 15 eV sources in this galaxy (Vela X-l and Her X-l) 
are in fact much weaker — but there may turn out to be many more. If the 
accelerated beam is quasi-monoenergetic , one must indeed expect a greater 
number of sources that emit particles of lower energy, to yield the known 
cosmic ray spectrum: there must be more TeV sources. Is the source 
4U 0115+63 — found to be intense at 10 12 eV (preprint from Turver's 
group) but not seen at 10 15 eV — a member of such a population? The evo- 
lutionary history needed to explain the overall spectrum of particles in 
the galaxy is as yet unknown, and it is not apparent that a power law 
would emerge in any simple manner. 

(c) Mode of acceleration? Acceleration by a large-scale emf genera- 
ted by moving conductors in a strong magnetic field seems most likely, but 
the pulsar action of the neutron star itself is probably inadequate, 

(i) because Cygnus X-3 is probably an old n-star, whose rotational energy 
store would have run out long ago, and (ii) Vela X-l has a spin period of 
5 minutes, from X-ray evidence — much too feeble. Hence the accreting 
matter is presumably supplying the energy and also the high speed necess- 
ary. (See also (13)). However, the particles we detect are not' emitted 
near the normal to the orbit (or to the Her X-l disc), but closer to the 
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plane of the disc (or at least the orbit) — probably closer to Michel's 
(14) picture than Lovelace's. It is remarkable that the particle power 
is not small compared with the X-ray power — as though accretion energy is 
efficiently converted to electrodynamic energy rather than heat. 

4. Possible observations 

If the gamma-ray spectrum is generated by cascading from 10 17 eV 
protons, the TeV gammas are seen where the gas target is thicker, and the 
10 15 eV gamma pulse should appear somewhat displaced — at the tenuous 
edge of the gas (but with much overlap). (To check this, contemporaneous 
measurements are needed, as the exact pulse position wanders somewhat.) 

The phase of the prominent pulse, on this picture, is determined by 
the angle of the accretion wake; hence wandering of the wake probably 
signals changes in wind speed and may be related to variations in source 
power, and possibly to impending outbursts. 

If the upper limit of the gamma spectrum is limited by transmission 
through a magnetic field (15) rather than by the primary proton beam, it 
is likely to be different for the pulse at phase 0.25 (generated close to 
the large star) and that near 0.63 — generated well away from the star. 

If, as widely believed, there is a stellar wind in Cygnus X-3 that 
has a significant optical depth to X-rays — say 5 g cm -2 — VL0$ of the 
protons will interact even outside the special "gas target" positions, 
giving a widely spread weaker flux of gamma rays. If this is not present, 
it will constrain the angle into which the protons are emitted, and we may 
then need to explain the pulses in terms of real directional acceleration 
of the charged particles. (This has seemed less likely at present, unless 
the particle acceleration occurs so far away from the neutron star that 

the position of the companion plays a part in determining the field orient- 

ation. ) 

Puzzle: Where are the X-rays generated? The source must be very large 

if it is not occulted by the gas target that is being supposed to intervene 
at phase 0.63: the X-ray intensity is a maximum here (unlike Cen X-3). 
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VIRGO CLUSTER AS A HIGH ENERGY COSMIC RAYS SOURCE 


S. Karakula and W. Tkaczyk 
Institute of Physics, University of Lodz, Poland 


ABSTRACT 

The extragalactic charged particles are reflecting from the 
Galaxy by its magnetic field. Assuming magnetic field in the Ga- 
laxy as quasilongitudinal we have evaluated mean transparency of 
Galaxy for extragalactic protons defined as a fraction of particles 
at a given energy from a given direction passing by the galactic 
plane. The anisotropy caused by the Galactic magnetic field re- 
flection of protons can explain observed arrival directions of EAS 
at large angle to the galactic plane. Our analysis shows that the 
increase with energy observed in <sin b**> is self-consistent 
with changing in the cosmic ray energy spectrum at high energy 
(E =» lO 1 ^ eV) in the case when extragalactic cosmic ray source 
with spectral index -2.2 is at the position of the Virgo Cluster. 


I. INTRODUCTION 

The measurements of energy spectrum and anisotropy of cos- 
mic rays are the basic source of information about its origin. The 
main difficulty to identify the cosmic rays sources is the Galactic 
magnetic field. In the past we analized propagations of cosmic rays 
protons emmited by Galactic sources distributed as Galactic matter 
(Karakula et al., 1972). The comparison of the calculated and ob- 
served extensive air showers (EAS) anisotropy shows that if pro- 
tons are the primary cosmic rays of energy greater than 10-*-® eV 
they should be predominantly extragalactic. The study of EAS (i.e. 
Watson, 1980: Linsley and Watson, 1981 ) shown that cosmic rays 
at energies above 10-*- eV are likly to be of extragalactic origin. 
The anisotropy of arrival directions of the highest energy cosmic 
rays is observed from the directions of the large angle to the ga- 
lactic plane (b** = 74°) (Cunningham et al., 1980 and 1983). The 
experimental data confirmed the flattening of the cosmic ray energy 
spectrum at energy greater than 10 1 ® eV and the exponent of the 
integral energy spectrum is -1.4 + 0.1 (Cunningham et al., 1980 and 
1983: Bower et al., 1983). 

In this paper we have considered the cluster or supercluster 
origin of high energy cosmic rays model, but for lower energy Es 
10-*-® eV we assumed Galactic location of cosmic ray sources. Eor 
the quasilongitudinal magnetic field in the Galaxy we have evalua- 
ted the mean transparency of the Galaxy for extragalactic protons. 
Our analysis shows that the increase with energy observed in 
<sin b**> (Cunningham et al., 1980 ) is self-consistent with chan- 
ging in the cosmic ray energy spectrum at high energy (>10 X eV) 
in the case when extragalactic cosmic ray source with spectral 
index -2.2 is at the position of the Virgo Cluster (b** = 74°). 
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2. THE TRANSPARENCY OP THE GALAXY POR EXTRA- 
GALACTIC PROTONS 

The trajectory of arriving protons from the particular extraga- 
lactic directions were calculated assuming the mathematical model 
of the magnetic field in the Galaxy. In our calculations the magne 
tic field in the Galaxy was assumed as the quasilongitudinal model 
of Thielheim and Langhoff (l968). In this model the field lines are 
parallel to the spiral arms but with opposite orientation above and 
below the galactic plane. The strength of the component of the field 
parallel to the arms in details was described in our paper Karakula 
et al., (1972). The galactic disc, -v\h»ere the trajectories of protons 
were calculated, was defined by |z| s 0.4 kpc (distance perpendi- 
cular to the galactic plane) and R< 15 kpc (radius from the Ga- 
lactic Center). The equation of motion of the protons in the Galac- 
tic magnetic field was solved numerically. Our calculations indicated 
that some of the extragalactic particles are reflecting from the Ga- 
laxy by its magnetic field. Only extragalactic particles entering the 
Galaxy on the observing level can be registrated as an EAS. We 
have evaluated the mean transparency of the Galaxy which was 
defined as a fraction of the number of particles at a given energy 
from a given position of source passing through the plane located 
at a Solar System and perpendicular to the direction of the extra- 
galactic source (observer plane). In practice for large b 1 * this pla- 
ne is the galactic disc plane (z=0). We have followed large number 
of the protons trajectories for selected energies. The positions of 
the starting point of the protons trajectories was at random selected 
on the plane outside the Galactic disc. The real magnetic field in 
the Galaxy has a regular and irregular components (magnetic clouds). 
Our model of the magnetic field in large scale describes the regular 
component. The nature and feature of irregular component are not 
known up to now. Eor our considerations we also assume that the 
general properties of this component should be weaker than the 
regular component and should follow the last one in whole Galaxy. 

So from the point of view of our considerations there is no differen_ 
ce between random occuring irregularities of magnetic field in the 
time of protons propagation and at random selected positions of the 
starting point of the proton trajectory for the model of regular Ga- 
lactic magnetic field. More over in that case we evoid the problem 

of focusing of particles in 
quasilongitudinal magnetic 
field. The mean transpa- 
rency parameter defined 
above is characteristic 
for the whole Galaxy. 

Figure 1 shows the mean 
transparency of Galaxy 
for extragalactic' protons 
for the selected directions 
of the group of galaxies. 

The transparency of Ga- 
10’ 7 10 18 10 19 E[eV] 10 2 ° laxy increases with ener- 

Fig. 1. The mean transparency of gy. We can also notice 

Galaxy as a function of that the energy of pro - 

proton energy. tons, when galactic mag- 
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netic field has a small influence on particles, strongly depends on 
the arriving positions relative to the Galactic plane. 

3. THE EXPECTED FLUX OE THE COSMIC RAYS EROM 
THE VIRGO CLUSTER 

The base of our analysis was the Haverah Park EAS data 
(Cunningham et al., 1980 ) indicating that the mean value of <sin b^> 
increases with energy. 

In this paper we want to examine if the observed changes in 
energy spectrum of cosmic rays and <sin b^> are self- consistent, 
as far as our simple assumptions allow: 

i) the galactic cosmic ray differential energy spectrum (Iq) for 
energy greater than 10 eV has a power index -3.1, 

ii) some extragalactic sources with an unknow spectrum (ljr x ) 
located at a position b Q can give contribution to the observed 
flux, 

iii) the probability of the registration of the extragalactic charged 
particles depends on its energy, because of the influence of 

the Galactic magnetic field. 

In such case the mean value of sin b can be expressed by: 


sin b = 

Jl G .p(b n ).db n + w(b 1 o 1 )-I Ex .P(b 1 o 1 ) 

where: 

P(b^) - the probability o^ registration by Haverah Park array as 
the function of b , 

w(b^) - the transparency of the Galaxy versus energy for extra- 
galactic protons. 

The integral in the numerator of above expression gives the con - 
tribution from the galactic cosmic ray flux. The second component 
of this sum represents the contribution from the extragalactic point 
source located at the position bo, after integration over the galactic 
latitude with the delta Dirac function. The denominator expresses 

the normalization coef- 
ficient in the definition of 
the mean value sin b* 1 . 

The dependence of <sin b > 
on the energy observed 
by Haverah Park was 
used to calculate the ra- 
tio of Ie x /*G for extra_ 
galactic source which is 
located at the position of 
the Virgo Cluster. The ra- 
tio I|. 0 ^/l G is a constant 
for energy E « 10^ eV 
and increases for the 
greater energy. Eig. 2 
shows the differential to- 
tal (itot = I G +I E*) cosmic 



10 17 io’ 8 io ,9 E[eV] io 20 

Eig. 2. The total flux (multiplied by E ) 
calculated from <sin b%as a 
function of energy. 


J' 


G 


_/. in . ,n ,,n 

P ( b j • sin b • db + 


r(b n )*I„ • P ( b 11 ) • sin b 11 
v o Ex o o 
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ray flux multiplied by E calculated from Haverah Park measurements 
of <sin b^> . 


4. DISCUSSION AND CONCLUSIONS 

Prom the comparisons of our results (Fig. 2) with experimen- 
tal data of cosmic ray energy spectrum (Cunningham et al., 1980: 
Hillas, 1984) we can conclude good agreement. We have made the 
same calculations for different positions (b 0 ) of the extragalactic 
point sources but the best agreement we have got only for the po- 
sition of the Virgo Cluster. It can be strong indication that high 
energy cosmic rays (E => 10 19 eV ) are originated from this cluster. 
We can also notice that the differential cosmic rays energy spect- 
rum of the Virgo Cluster has the spectral index = -2.2, and in the 
energy range = lO^- 8 eV the intensity of the Galactic and extraga- 
lactic fluxes are equal. In the lower energy region the Galactic 
cosmic ray flux is dominand. 
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MODELING COSMIC RAY ANISOTROPIES NEAR 10 iB eV 
P. Sommers and J. W. Elbert 

University of Utah, Department of Physics 
201 JFB, Salt Lake City, UT 84112 USA 

ABSTRACT 

A galactic magnetic field reversal near the Sagittarius 
spiral arm may be responsible for the southern excess 
(or northern shortage) of cosmic rays near 10 ia eV. The 
north-south asymmetry produced by such a reversal would 
increase with energy in the same manner as the observed 
asymmetry [1,2]. The existence of a reversal has been 
inferred from analyses of Faraday rotation measures [3,4]. 

I. The puzzle. Cosmic ray fluxes in the EeV range (1 EeV=10 iB eV) 
display a prominent anisotropy. The flux is suppressed at northern 
galactic latitudes, and the effect increases with energy through the 
decade .5-5 EeV [1,2]. This measured anisotropy should be instrumental 
in any attempt to piece together a picture of the Galaxy's magnetic 
field and the sources of high energy cosmic rays. Other pieces of 
this puzzle are the following: 

1. The cosmic rays at this energy are probably mostly protons. 
This is based mainly on studies of the depth of maximum of air showers 
and the variance in the depths of maximum [5]. 

2. The mean galactic magnetic field near the sun has a 
magnitude of about 2.2 pG, and at least near the sun it is directed 
clockwise about the galactic center as viewed from north of the Galaxy 
[6]. Protons moving perpendicular to the field lines have orbit 
diameters D = E, where E is the energy in EeV and D is in kpc. The 
energy decade .5-5 EeV therefore provides probes up to distances of 5 
kpc. 


3. The sources of these cosmic rays are probably galactic. By 
virtue of Liouville's theorem, the anisotropic observed flux cannot 
come from an isotropic extragalactic flux. If the extragalactic flux 
is not isotropic but is coming primarily from the Virgo cluster, then 
it is very difficult to explain how the anisotropy could be turned into 
a southern excess over a whole decade of energies. It is conceivable, 
though, that some of the cosmic rays in this energy decade are coming 
from the southern side of the Galaxy (rather than from the Virgo 
cluster). For example, acceleration by galactic wind termination 
shock [7] might occur between the Galaxy and the Magellanic clouds 
and could preferentially fill the southern half of an extended halo. 

If the ordered magnetic field were confined to a thin enough disk, then 
a southern excess would be expected as these particles diffuse north- 
ward. Any such model would be rather contrived, however, since it 
would require a southern source to be prominent only in a limited 
energy band where no remarkable spectral bump is observed. In the 
following we will assume that EeV cosmic rays are of galactic origin. 
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4. The magnitude of the disordered part of the galactic magnetic 
field is not much greater than the mean (ordered) field strength, even 
in dense clouds [8,9]. An abrupt large-angle change in a particle's 
direction is therefore rare. The scale of magnetic irregularities 
probably does not exceed 150 pc [10]. For EeV protons whose orbit 
circumferences are several kiloparsecs, the orbits therefore sense 
primarily the mean field but suffer frequent small deflections from 
magnetic irregularities. 

5. The ordered galactic magnetic field is probably not confined 
to a thin disk, but may extend 3 kpc or more to either side of the 
plane. If the ordered field were confined to a thin disk of 1 kpc 
full thickness, for example, then at energies above 1 EeV no proton 
orbiting perpendicular to the field direction could be confined. At 
several EeV a pronounced excess would be detected from directions 
nearly parallel or anti-parallel to the field direction. Moreover, 
just below 1 EeV, protons orbiting perpendicul ar to the field lines 
would be confined only if their orbits met the galactic plane nearly 
perpendicul arly . In particular, arrivals from the galactic center 

and anti-center directions would be strongly suppressed. In evaluating 
the thickness of the ordered magnetic field, it would be helpful to 
have not only the observed dependence of flux (at various energies) on 
the north-south variable (galactic latitude) but also the mean flux 
values projected onto the galactic center-anti -center axis as well as 
flux values projected onto the axis parallel to the mean field direction. 

6. Analyses of Faraday rotation measures [3,4] suggest that a 
reversal of the ordered field occurs between the sun and the galactic 
center. Various estimates exist for the distance to the reversal , but 
a distance of 2 kpc may be realistic. Field reversals of this type 
are seen in other spiral galaxies (M51, M33, M81, NGC 6946, NGC 4258) 
[11,12]. Among the spiral galaxies whose fields have been mapped, M31 
is exceptional in not showing a field reversal [13,14]. 

II. Assembling a picture. Putting together pieces 4 and 5 one 

finds that EeV cosmic rays are governed by a large-scale ordered mag- 
netic field. In this context Hillas [15] has made the following cogent 
argument that a southern excess at Earth implies the existence of a 
radial gradient in the cosmic ray density: Liouville's theorem 

requires that the intensity (per unit area and solid angle) from the 
south at point P in figure 1 must equal the intensity from the north at 
earth. The observed southern excess at earth then implies that the 
intensity from the south at earth exceeds the intensity from the south 
at P. Similarly, the intensity from the north at Q exceeds the intensity 
from the north at earth. Therefore the northern and southern intensities 
increase with galactic radius. It can also be shown that if the density 
of cosmic ray orbit centers increases linearly with galactic radius 
near the sun, then the observed north-south asymmetry should increase 
linearly with energy (i.e. orbit size). 
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If the orbits shown in Hi 11 as' figure are proton orbits at 4 EeV 
(where the southern excess is very prominent), then points P and Q are 
separated by 8 kpc. Even if one considers trajectories of median pitch 
angle, the inferred radial gradient persists over 4 kpc. A source 
density variation over such large distances would not be due simply to 
variation within or between spiral arms. We know of no reason why high 
energy cosmic ray sources should be more abundant at larger galactic 
radi i . 


If the cosmic ray density gradient is not due to a source 
gradient, then it must be due to some propagation effect. Instead of 
excess sources outside the sun's galactic orbit, one can look for a 
sink region closer to the galactic center. A field reversal region is 
an effective evacuation site for cosmic rays. Figure 2 shows some of 
the fast-escaping trajectories near a reversal . (The shaded regions 
are regions where grad | B | 0.) 



B 

® 



T 


B = 
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Figure 2 


The field reversal zone is then a 
region of low cosmic ray density, so 
a density gradient points away from 
that region (radially outward at the 
sun's position). Orbits of very high 
energy cosmic rays could be affected 
directly by the field reversal , 
causing a pronounced shortage at 
high northern latitudes. 

Our numerical simulations confirm 
that the energy dependence of the 
northern shortage (southern excess) 
can arise from a uniform source 
density if there is a field reversal 
at about 2 kpc with a gradient region 
of .5 kpc on either side of it and if 
there is some admixture of isotropic 
flux from the halo or intergal actic 
space. 


III. Remarks. A definitve explanation for the northern shortage of 
EeV cosmic rays may not be possible without more detailed knowledge of 
the galactic magnetic field and cosmic ray sources. If careful analysis 
determines that the ordered magnetic field is, after all, confined to a 
thin disk, then a planar excess model [16] (i.e., shortage at north and 
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south poles) might be a complete explanation for the anisotropy. Or 
perhaps it will be found that a significant fraction of EeV cosmic 
rays are heavy nuclei, in which case a spiral arm source density 
gradient could be. the correct explanation. In fact, each puzzle piece 
is rather fuzzy. In support of the field reversal explanation, we 
only claim that it is a picture which is composed of the pieces descri- 
bed above and which requires no special ad hoc pieces. 
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Anisotropy and the Knee of the Energy Spectrum 


R.W. Clay 


Physics Department, University of Adelaide, 
South Australia 5000 


1. Introduction The measured cosmic ray energy spectrum exhibits clear 
structure (the knee) at ~ 3 x 10 15 eV (sea level shower size 

~ 3 x 10 5 particles). Additionally, at energies in this general region, 
there occur apparent changes in shower development such that the 
observed characteristics of showers at this energy appear different to 
those characteristics observed at somewhat higher energies (see eg. 
Linsley 1983). At energies just below this region, the cosmic ray 
anisotropy amplitude apparently begins a progressive increase with 
energy. The latter effect does not clearly fit with the first two since 
there appears to be no significant change exactly at the knee. However, 
the phase of the first harmonic of the anisotropy appears to show a 
substantial change just where the energy spectrum shows structure and in 
the middle of the shower development changes. The first harmonic phase 
appears to change from ~ 18 hours R.A. to ~ 5 hours R.A. (see eg. Clay 
(1984)) as the energy of observation moves through the knee. In this 
paper I wish to examine the latter change in some detail by taking into 
account information contained in the second harmonic of the anisotropy. 

2. Anisotropy measurements near the Knee Anisotropy measurements at 
one location are not sufficient to define the true celestial anisotropy 
since only a limited range of declinations is observable at a given 
latitude. This limitation is particularly severe for air shower arrays 
which use scintillators to sample the electron-photon component since 
atmospheric attenuation with increasing zenith angle is severe. This 
effect was useful for collimation in early experiments. Available 
anisotropy results are therefore, unfortunately, rather incomplete with 
measurements being biased towards temperate latitudes with convenient 
land sites. The overall sky coverage of most experiments is ~ 20° to 
60° N and ~ 15° to 40° S. At ~ 10 15 eV, just below the knee, there is 
a good deal of agreement between the various experiments on the observed 
phase of the first harmonic. This is remarkable because the southern 
observations really view an independent part of the celestial sphere to 
the northern observations. 

There is an ambiguity in anisotropy results presented in terms 
of first harmonics. A sine wave is fitted to the data in right 
ascension but there is no information on what properties of this fourier 
component are of physical significance. It is not obvious, although it 
is conventionally stated, that the phase of the maximum of the fitted 
wave is physically appropriate, unless, for instance, one is interested 
in searching for the superposition of a number of high energy gamma ray 
sources. In the latter case, the anisotropy maximum will indicate a 
direction with an excess of sources. However, for the diffusion of 
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charged particles, the position of maximum on the celestrial sphere will 
give the direction of the "upstream" diffusion direction and there will 
be a minimum in the "downstream" direction. In general, a particular 
declination will not include both the upstream and downstream directions 
leading to an ambiguity for latitudes which include observation of only 
the downstream direction. 

I have pointed this out before (Clay 1984) and shown that, on 
the basis of the observed directions of first harmonic maxima at 
~ 10 15 eV , one might interpret the global data as representing a 
diffusive flow of cosmic rays along the galactic spiral arm. In order 
that this be so, it is necessary that, at energies below the knee, the 
southern hemisphere phase of the first harmonic minimum is the 
physically interesting parameter since this represents the direction 
towards which diffusion is occurring. Other explanations of the overall 
anistropies at these energies are possible and one suggestion has been 
that they may be due to unresolved ultra high energy gamma ray sources 
(Wdowczyk and Wolfendale 1983). A test between these possibilities 
would be to see whether or not there is any additional reason in the 
data for the first harmonic minimum to appear to be more physically 
significant rather than the maximum. 

In the diffusive model, since the spiral arm is of limited 
extent in the sky, one would expect a relatively sharp peak of the 
anisotropy in the source direction and a similar trough in the 
downstream direction. In the gamma ray source model, only positive 
effects due to an admixture would be expected and no particular sharp 
dips or peaks would be necessary. In the latter case, one might in 
general expect only a diffuse excess for general galactic directions 
unless only specific galactic region contained the most powerful 
sources. An examination of the second harmonic can help resolve these 
possibities. 

3 Inclusion of the Second Harmonic Figure 1 shows data obtained by 
Farley and Storey (1954). The phase of the first harmonic maximum is 
indicated and it would appear that there is no particular significance 
in this phase. The total data set can be described quite well with the 
inclusion of the second harmonic as illustrated. Also, an examination 
of figure 1 suggests that the region at about 8 hours is likely to be 
physically interesting rather than the 20 hour phase. This is in the 
vicinity of the minimum of the first harmonic. 


Fig. 1 Data presented by 
Farley and Storey 1954. The 
combination of their first 
and second harmonics are 
included (unnormalised) 

together with an indication 
(arrow) of the phase of the 
first harmonic maximum. 

Oh 6h 
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I have examined the data included in the compilation of 
anisotropies by Linsley and Watson (1977) and have also included more 
recent Adelaide data (Gerhardy and Clay 1983). Where appropriate I have 
combined data from similar latitudes and energies and have added first 
and second harmonics to derive representations of the original data in 
terms of R.A. or sidereal time. I then examined these distributions to 
see whether or not they subjectively contained a peak or a trough and, 
at what celestial direction this occurred. Some results of this 
procedure are shown in figure 2 with peaks indicated by + and troughs 
by -. 


Fig. 2 The positions of 
peaks (+) or troughs (-) in 
anisotropy data available 
for energies ~ 10 4 * * * * * * * * * * 15 eV. 
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Figure 2 indicates that this procedure lends weight to the 
hypothesis that the cosmic ray flow below the knee is diffusive with its 
source in the inward spiral arm direction. There are peaks from a 
number of experiments clustering generally in that direction and there 
are also apparently troughs in the opposite direction from independent 
experiments in the other hemisphere. 


At higher energies, the situation is mich less clear. It 
seems to me likely that the statistical uncertainty in detail of the 
anisotropy is such that the technique cannot be used for such small data 
sets where the overall flux is low. 


4. Conclusions When anisotropy results are presented in terms of the 

phase of first harmonic maximum, that particular direction may not be 

the physically significant direction for the data set. Additional use 

of the second harmonic can clarify this when data with sufficient 

statistics are available. It appears that, at least at 10 15 eV, cosmic 

ray anisotropy data are most compatible with diffusion along the galatic 

spiral arm from the inner to outer galactic regions. 
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ANISOTROPY OF COSMIC RAYS ABOVE 10 eV 
Wdowczyk, J. 

Institute of Nuclear Studies, Lodz, Poland. 

Wolfendale, A.W . 

Physics Department, University of Durham, Durham, U.K. 

ABSTRACT 

A survey is made of the anisotropy of cosmic rays at 
energies above lO^eV. It is concluded that cosmic y-rays 
may have an effect in the range lO^-lO^eV, above which 
protons dominate. Evidence is presented for an excess in 
the general direction of the Galactic plane which grows 
with increasing energy until about 10^"eV, indicating a 
Galactic origin for these particles. At higher energies 
an Extragalactic origin is indicated. 

1. Introduction . Many surveys of cosmic ray anisotropy measurements 
have been made in recent years and a consistent picture is emerging as 
to the manner in which the amplitude of the first harmonic and its phase 
varies with energy. In our own work (Wdowczyk and Wolfendale, 1984a, b) 
we have extended the analysis to a study of both first and second 
harmonics and separately for the northern and southern hemispheres. 

Figure 1 gives the results for the amplitudes and Figure 2 concerns the 
phases . 

It is our objective to explain the observed trends; this can be done 
most conveniently by energy range. 

2. The range 10 14 -lQ 16 eV . Inspection of Figure 2 leads us to suggest 
that for E : 10^ 4 -10-*- b eV we are dealing with a region where y-rays con- 
tribute significantly to the anisotropy, this suggestion following on 
earlier work (WW 1983) which in turn was prompted by the Cygnus X-3 
observations. Gamma ray sources are expected preferentially at small 
Galactic longitudes and this feature appears in Figure 2 (viz. the 
shaded area near l * 0° for 10 14 -10 16 eV) . At higher energies y-rays 
are apparently unimportant insofar as the anisotropy is concerned. 

16 19 

3. 10 -10 eV. A different feature appears at higher energies. Between 

about 5.10 17 eV and 10- L9 eV there appears to be an enhancement centred on 
the Galactic plane but as the energy falls the pattern appears to be 
rotated. Figure 3 shows the situation. The obvious explanation is that 

we are dealing here with charged particles; the change of <t> with falling 
energy is in the sense of that expected due to the curvature of the 
local magnetic field lines (the field analysis having come from earlier 
work by Karakula et al . , 1972, Osborne et al . , 1973, and Ellis and 
Axon, 1978) . 

19 

4. Energies above 10 eV . In our earlier work (WW 1984a, b) we defined 

a Galactic plane excess parameter, f E , defined by 1(b) = 1(0) { ( 1— f E 

+ f E exp-b 2 } where b is the Galactic latitude. The analysis shows that 
f E rises with energy, being v 0.1 at 10-*-®eV, 0.3 at 5 . 10 -^eV and 0.6 
at 2.10' 1 - 9 eV. However, at the very highest energies, f E appears to drop 
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(to v 0.25) indicative of the bulk of the particles being extragalactic , 
a result that is in accord with other work. 




Fig. 1. Amplitudes of the first (I) 
and second (II) harmonics of ani- 
sotropy measurements averaged over 
successive decades of energy. The 
measurements in the Northern hemi- 
sphere (upper part) were from 
extensive air shower arrays located 
at latitudes from 43°N to 62°N. 

Those in the Southern hemisphere 
(lower part) cover the range 16°S 
to 37 °S. The curve denoted 'noise' 
relates to expectation from a true 
distribution with zero anisotropy, 
measured isotropies arising simply 
by chance. The significance level is 
one standard deviation. 




RA (h) 


Fig. 2. Celestial plots showing 
the directions from which much of 
the excess flux arises. The 
data suggest the presence of an 
excess associated with the Galactic 
plane in the Inner Galaxy for the 
energy region 10 14 -10 16 eV . At 
higher energies the excess from 
the Inner Galaxy moves to Northern 
Galactic latitudes, reaching 
b = 30° for the range lO^-lO^eV. 
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Fig. 3. Angle <J> through which the prediction of the 
Galactic plane excess should be rotated in order 
to fit best the observed pattern of intensity 
against RA (after WW, 1984a) . The points marked 
'a' and 'b' are plotted twice. The full curve is 
intended to guide the eye. The broken curves 
give the directions from which detectors in the 
Northern hemisphere should record maximum inten- 
sities using the Galactic magnetic field models 
of Karakula et al . (1972). The data available 

on the very local field direction . which allows 
for irregularities, give the line indicated 'mean 
field direction' - for comparison with the trend 
of $ it should be displaced to lower energies by i 3. 

5, Conclusions . The present analysis suggests that y-rays play a key 
role in explaining the trend of anisotropy phase with energy in the 
range lO^-lO^eV. Very recently support has come from the Backsan 
experiment (Alexeenko and Navarra, 1985) but the hypothesis cannot be 
regarded yet as completely proven: a 'Galactic ridge' of muon poor 
showers with high precision is a pre requisite. Above lO^eV the 
behaviour of the anisotropy with energy is indicative of charged part- 
icles providing the bulk of the anisotropy, those below lO-^eV being 
Galactic and the very highest energies extragalactic in origin. 
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A MODEL FOR THE PROTON SPECTRUM AND COSMIC RAY ANISOTROPY 

Xu Chun-xian 

Institute of High Energy Physics, Academia Sinica 
P.O.Box 91B Beijing, China 

1. Introduction. 

The problem of the origin of the cosmic rays is still uncer- 
tain. Since the observed cosmic ray composition, spectrum 
and anisotropy involve a lot of factor, for example, the 
spectrum of the primordial cosmic rays, the mechanism of 
acceleration and propagation as well as the distribution of 
the interstellar medium and magnetic field. Unfortunately, 
all of these are remained open, though people gets more and 
more information and ideas. As a theory, it should explain 
the support of particles and energy, the mechanism of acce- 
leration and propagation as well as some important features 
obtained directly from cosmic ray experiments, such as the 
power spectrum and the knee at about 10 l *eV tlJ , the near cons- 
tant amplitude of the first harmonic of anisotropy among 
10 M -10 t4 eV and the amplitude varying as E°* s above 5xlO' 5 eUt' a ^ 
And it should also account for the relative abundance and 
the flux of cosmic rays. But so far there is no model which 
can interpret all of these phenomena. 0 

In a general opinion the cosmic rays of 10 1 -10 eV are 
the galactic origin, but above they are the extragalactic 
origin. People also acceptes that the cosmic rays propagate 
in a diffusion way, variaty of diffusion mechanism derive 
different diffusion coefficient as a function of energy. 

But anyhow diffusion always makes the energy spectrum 
steeper. 

There are two kinds of models for interpreting the 
knee of the cosmic ray spectrum. One is the leaky box model 
in which every nuclei has different escape starting ri- 
gidity, the heavier the higher, but the flux of heavy nuclei 
is much less. Another model™ suggests that the cut-off ri- 
gidity of the main sources causes the knee. The present 
paper studies the spectrum and the anisotropy of cosmic 
rays in an isotropic diffuse model with explosive discrete 
sources in an infinite galaxy^ 

2. The transport equation and its solution. 

In an isotropic diffusion model cosmic ray density ,N(r, t,E ) , 
obeys the following equation^ 

dt dE '> x ' 

where D is the diffusion coefficient, the third term is due 
to energy loss, W=dE/dt, the fourth term is negitive source 
and Q is the source. Firstly, starte our argument from one 
discrete source and assume as follows: 

(l) Because the ages of the main point sources within lkpc 
(table. 1) are about 10*yt®J even for the highest energy 
proton its half lifetime(caused by Compton scattering, syn- 
chrotron radiation and bremstruhlung altogether) is several 
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decades to few hundred times long as its age. So we neglect 
the energy loss. 

(2) Assume the P-P interaction contributs to the negtive 

source term only, B=cnCT e , where c is the speed of light, n 
the density of hydrogen, or^the inelastic cross-section of P- 
P interaction. From accelerator experiments^ the total cross 
-section of P-P is obtained among energy range 10-1. 5xl0 6 GeV , 
and 0 TJ e =0,8 • Fitting these data, get the formula 

B(E)*3* 10" 17 [35.3-2.2 ( lnE)+0.3( InE) 2 ] (1/s). (2) 

here n =1 has been taken. 

(3) The charged cosmic 
rays propagate through 
resonant scattering with 
the turbulent hydromag-.. ^ 
netic wave. Zhang et al l8i 
derived 

1 B me 2 


Table 1. List of SNR near the 


D " 12 *^ 1 - 

rewrite it as 

D = Pc Bc 


P 


•2 e As b 


(3) 


s 

;olar system 


NAME 

t(10 y) 

r(kpc) E (eV) 

CTB 72 

3.2 

0.7 

2x10 

Cyg. Loop 

3.5 

0.6 

10 

HB 21 

2.3 

0.8 

3x10 

CTB 1CT 

4.7 

0.9 

2x10 

CTB 13 

3.2 

0.6 

10 

HB 9 

2.7 

0.8 

2x10 

S 149 

4.3 

0.7 

10 

Monoceros 

4.6 

0.6 

7x10 

Vela 

1.1 

0.4 

10 

Lupus 

3.8 

0.4 

4x10 

Loop 

3.0 

0.05 10 


12tT € As B 

where B and is the 
mean intensity and energy 
density of the fundamental 
magnetic field, respectively. A is the fraction of turbulent 
in the mean field. Take B=3^G, A = 0.01, £g=0.3eV/cm' ,then for 
the proton of greater than lOGeV, 

D = 1.67 X 10 I! £(cm 2 /s). 1+iZ 0 5 

In general the coefficient has a form Do(E z , say E‘, but 
the recent data from HEAO-3 show that the index trends to 
rising and D°<E 0,7 can account for the experimental data quite 
well. A compare shows that the diffusion coefficient adopted 
by our paper is close to that with the index 0.7 at high 
energies. 

( 4 ) The i-th point source ejects particles transiently with 
a spectrum NoE**" at t=0. So that Q=N 0 E ) Jit* > 

Combining of all these and transforming N=^V , we get 
solution of Eq.(l) _ r 


N i 


N o E 


r? 


(4irDt i ) 


13 exp[ -T5^ — 


(4) 


where t^ is the age of the point source, r^ the radial dis- 
tance with its origin at the source position. Mathematically, 
the formula( 4) makes sense for any value of r^ and t^, but 
considering the causality only such sources with (ri /tj )<c 
contribute to the observed flux. So we take account such 
sources only. 


3. The predict spectrum of proton. 

From Eq. ( 4 ) see that for very old/and distant pointsource 
its density N^ has a very large Gaussian width, i.e.7N^=0, 
so we can treat them altogether as a background N^ . Therefor 
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4, The anisotropy of 
cosmic ray. 

Under above mentioned 
case, the amplitude of 
first harmonic anisotropy 
has been obtained 


3r .N. 

v<-^- 
1 20 :^ 


) r 


oi 


(7) 


where r t is the unit 
vector from the Earth to 
the i-th point source. 
Considering the motion of 
the Earth with respect to 
the cosmic ray background 
there will be Corapton^-Ge— 
tting anisotropy, indepen- 
dent of energy but rele- 
vant to the spectrum 
index _ 

<£=(j+2)v/c (8) 

so the final resultant 
anisotropy, can be expre- 
ssed as 


the predicted differential spectrum of primary protons. Shaded 
area and sign Q are the data of protons, the rest are somewate 
contaminated by other nuclei. 



Fig. 2. The expected amplitudes of the 
anisotropy caused by eleven SNR individ- 
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experimental data show that 
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N=4Jtl/c=1.2xlO" J E (l/m 3 ) for E$5xl0*GeV 
N=1 .1 E* 3 ' 1 ( l/nf 5 ) for E>5xl0 6 GeV 

Inserting these values of r t ,ti,, N^of the eleven supernovea 
individually and the value of N into Eq.(7), using the trial 
values N < ,=1.32x10 4S , r’=1.2(corresponding to the source emi- 
ssion ID 50 ergs in the particle form ), the anisotropies as a func- 
tion of energy were calculated. The results are given in Fig. 2. 

We find that each of these anisotropies is smaller than 
6xl0‘ s below 10 ,4 eV, but varies as E 0-4 above 5x10* eV.So whatever 
the direction of each anisotropy is, the resultant anisotropy 
always has a E 0 ' 4 variation. On hte other hand, the measured 
anisotropies are about 5.5xl0' 4 in the energy range lo"-l O l4 eV. 
Combination of these information together leads us to draw 
the conclusion that the Compton-Getting anisotropy is domi- 
nant, =5. 5xl0*below ICHeV.By substituting /=2. 56 in Eq.(a), 

we get the velocity of 35km/s with respect to the cosmic ray 
background. 

5. Discussion and conclusion. 

The anisotropy mentioned above is in principle for proton. 
However, the anisotropy is dependent on the species of cosmic 
rays. Unfortunately, so far the identification of the species 
of cosmic ray in EAS is uncertain yet. Recently , a few of dis- 
crete^T-ray sources in the energy range 10 -10 t6 eV has been 
detected. People have noted the possible effect of ^-rays on 
the anisotropy and the intensity of cosmic rays t9j . 

The conclusion to be drawn from this study may be summa- 
rized as follows: Taking some reasonable parameters, the model 
can account for the features of the proton spectrum and the 
approximate constancy of the cosmic ray intensity in a long 
period.lt also can interprete the power law of the aniso- 
tropy above energy 5xlQ l? eV,and the Compton-Getting effect is 
responsible for the anisotropies in the energy range 10 U -1Q* 4 
eV. Furthermore, we got the streaming velocity of 35kra/s with 
respect to the cosmic ray background. 

Finally, I am grateful to Prof .A.W.Wolfendale for his helpful 
discussion and useful information. 
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INTERPRETATION OF COSMIC-RAY ANISOTROPY BELOW 10 14 eV 


L .C .Tan 

Department of Physics and Astronomy 
University of Maryland 
College Park, MD 20742 
USA 


We have found that the measured data on the degree 
of anisotropy of cosmic rays are consistent with 
our proposed nonuniform galactic disk model. Moreover, 
we point out that the abrupt increa^ of the 
anisotropy of cosmic rays beyond 10 eV should 
imply a change of their mass composition. 


It appears tljijit a nearly constant degree of anisotropy of cosmic 
rays (&) below 10 eV is in conflict with the usual leaky box model(l). 
Thus it is interesting to examine the cosmic-ray anisotropy calculation 
in our proposed nonuniform galactic disk (NUGD) model(2). 


In the NUGD model the observed $ value should be characteristic of 
the magnetic tube (Box 1 in Fig. 1 of OG 7.2-10), because the solar 
system is assumed to be located inside it. Along the magnetic tube 
cosmic-ray protons should present a streaming motion. It is adequate to 
describe this motion by using a one-dimensional slab model 

) 

-N ( E 1 ) dE ' , (1) 

pi p p 


dN T N T .oo 1 dN (E ,E' 

—El. = _ — -Pi.. +( E . E — E. 

3 - 


dx 


E b A 
P P 


dE 


where N is the proton intensity in Box 1, x^ is the pathlength 
travellld by cosmic rays along the magnetic tube, E is the total energy 
of a proton, A 1 is the mean inelastic interaction lBngth of interstellar 
protons and P dN /dE = 1 / E ' is the energy distribution of protons 
after their inelastiB intlractionF with the interstellar medium(lSM). At 
high energies the diffusive motion approximation of cosmic rays means 


x 


I 


01 



( 2 ) 


where x„ is a constant and S =0.7(3) 


dN 


T « T 

El_ = El 


dx. 


A 


att 


Eq. (1) then can be reduced to 

(3) 


dill 

where A = A /(l- 1/JT) and y is the differential spectral exponent 
of the ^ high-lnergy proBon specBrum. Hence in the solar neighbourhood 
the proton intensity N ^ should be 


N = N exp( - x E ^e /\ att 
pis pOI r 01s p p 


), 


(4) 


wh 

10 



is the initial value of N and Xq = 0.4 A 1 (4). For E 
e mean gradient of cosmic Bays along the magnitic tube is ^ 
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Fig. 1 


dN 


£l = 


Is 
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Pi 
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1 A 

s p 


att 


(5) 


where 1 is the distance along the magnetic tube between the H cloud 
region and the solar system. Under the diffusive motion approximation 
of cosmic rays we also have 


X T = r / 2K 
Is s I 


( 6 ) 


where K.^ is the diffusion coefficient of cosmic rays in Box I and is 

the transit time to reach the solar neighbourhood. Since 


X ls = X IS 7 U p n i c)j (6) 

where m is the proton mass, n is the mean hydrogen atom density of the 
ISM in §ox I and c is the velocity of light, we can get 

X = m n cl 2 / ( 2x ) , (8) 

I pis Is 

and the degree of anisotropy of cosmic rays (5) 

3K 1 dN _ 3m n T 1 

i-— • (9) 

c v di i 2 V 

It is interesting to note that in Eq. (9) the increase of the cosmic- 
ray diffusion coefficient with energy is just compensated for by the 
opposite variation of the cosmic-ray intensity gradient, so that a nearly 
constant 5 value should be obtained. In Fig. 1 the predicted £ curves 
are based on n^. =1.2 H atoms cm (6£ and the value of A suggested in Ref. 
(7). An additonal increase of \ a is included to takl the contribution 
of heavy nuclei in the ISM into Iccount. From Fig. 1 the scattering of 
l g values estimated from various data is found to be within =± 1 kpc. 
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However, it should be emphasized Z 4o“ 2 io“ too' iso“ 120" 

that except the datum denoted by 
a star(8) the measured data 
collected in Ref. (9) and shown 
in Fig. 1 do not refer to £ itself. 

Thus by normalizing our predicted 
curve to the star we finally 
obtain 1 = 5±1 kpc. Further, 

the measured data shown in Fig.l 
indeed show a slightly increasing 
trend, which should be the first 
astronomical evidence of the 
rising of the p-p inelastic 
interaction cross section with 
increasing energy in the context 
of the NUGD model. 

From our deduced 1 value we 
can estimate the astronomical 
counterpart of our model elements. 

In Fig. 2 the geometrical 
relationship between the cloud 
ring (the radially hatched region) F' 2 ° 

and the large-scale interstellar 

magnetic field (the spirally solid lines) is shown. As the reversal of 
field direction occurs between the Orion arm and the Sagittarius arm, a 
neutral line should exist between both arms. The existence of a neutral 
line should obstruct the exchange of cosmic-ray particles between two 
adjacent arms. As a result, in the ^ cloud ring only from a narrow 
region exterior to the Sagittarius arm (the region II in Fig. 2) cosmic- 
ray particles can stream along the Orion arm to reach the solar 
neighbourhood . 



Actually, in our model picture each small region including a dense 
cloud and its magnetically connected surrounding gas may be viewed as 
a coherent entity which is called as a cell(10). All the magnetically 
connected cells form a subtube and all subtubes form the magnetic tube. 

In view of the fluctuation of interstellar magnetic field the direction 
of the subtube, in which the solar system is located, may be different 
from the general direction of the Orion arm. Thus the measured value of 
the maximum phase for the 1st harmonics of cosmic-ray intensity variation 
may be understood. 

It is noticeable that in order to avoid affecting the spectral shape 
of heavy nuclei, the NUGD model requires an assumption that in the 
distant component of cosmic rays there should exist a serious deficit of 
heavy nuclei. Actually, similar assumptions also appear in many other 
double-component models of cosmic-ray propagation. However, in our model 
the deficit should occur in the preacceleration stage of cosmic rays ( 
e.g., by an unfavourable preacceleration condition for heavy nuclei in 
their acceleration sites above the H cloud region) . Thus the observed 
heavy nuclei of cosmic rays should be of local origin. Moreover, from 
an analysis of the high-energy electron spectrum(4) it is found that 
only about 5 % of observed protons come from the local region. 




32 1 


OG 5.4-13 


Consequently, in the sample of 
locally produced cosmic rays the 
abudances of heavy nuclei 
relative to protons must be 
higher the directly observed 
values by a factor of 20. The 
assumed relative abudances of 
cosmic-ray nuclei in the sample 
of locally produced cosmic rays 
are shown in Fig. 3 as the 
horizontal lines. In Fig. 1 we 
have noted that an abrupt 
increase of the degree of 
anisotropy^of cosmic rays occurs 
beyond 10 eV . Here we try to 
attribute this increase to the 
failure of our NUGD model due 
to the insufficient confinement 
of cosmic rays at very high- 
energies. Therefore, at very 
high energies the locally produced cosmic rays would fill the intensity 
vacancy left by the distant component of cosmic rays. As a result, the 
observed abudances of cosmic-ray nuclei should approach to the local ^ 
abudances shown in Fig. 3. In view of the situation that above 2X10 
eV the dominant contribution to the observed cosmic rays may come from 
one single source, these abudaces may never be reached. Nevertheless, 
a variation of cosmic-ray mass composition with increa^d contribution 
of heavy nuclei should be expected to happen around 10 eV. 
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ON GALACTIC ORIGIN OR COSMIC RAYS 
WITH ENERGY UE TO 10 19 eV 

N.N. Efimov, A. A. Mikhailov 

Institute of Cosmophysical Research & Aeronomy 
Lenin Ave., 31, 677891 Yakutsk, USSR 

Abstract 

The experimental data on ultrahigh energy cosmic 
ray anisotropy are considered. In supposed 
models of galactic magnetic field the main cha- 
racteristics of expected anisotropy are estimated 
and are compared with the experimental data. 

In is shown that particles with energy up to 

lO 1 ^ eV are of galactic origin. 


Spectrum . The observed spectrum and cosmic ray intensity 

at 10 17 - lO 1 ^ eV can be explained by galactic sources [l,2] . 
At present the most difficulties occur in the explanation of 
EAS experimental data on anisotropy. 

Is there really anisotropy ? One of the arguments in 
favour of anisotropy is the agreement of phases of the 1-st 
harmonic on data of Yakutsk and Haverah Park EAS arrays [3] 
(Rig . 1 ) . The common (Yakutsk and Haverah Park) chance proba- 
bility of constancy of the 1-st harmonic phase at energy 

range 5*10 17 < E q < 2.10^ eV is 10“^* 10"^. The next argument 

in favour of anisotropy can be taken the presence of a gra- 
dient in particle distribution on galactic latitude [4,5] • 

The chance probability of such a gradient on data of Yakutsk 

^ — S — Y 

and Haverah Park arrays in total is 10”'' 10*" (Rig. 2). 

Rrom the above it follows that cosmic ray anisotropy in 
18 19 

energy range 10 - 10 eV is real. 

Experimental anisotropy . Because of small statistics the 
experiment at ors on EAS data determine the anisotropy based on 

event number on large solid angle l SI ( A $ 1 ™ 90°, A0t ^ 30*60°, 

- declination, - the right ascension). In [6] we 

showed that anisotropy determined in such a way differs from 

one $ determined by usual way on expected intensity: 

K s (I — I . )/(l + I . ) where I - cosmic ray inten— 

u v max min' 7 '■ max min * J 

sity. Below we shall show it. 

The particle number from the definite part of celestial 

sphere is 

nU,S i ) = !iK(6(t))3(ciJ i )SL(0(bl'f(t))S(e(t))dh, 

where K - the probability of detection; Si * *S - the solid 
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f 



Pig.1. Amplitudes and 
phases of the 1 -st harmonic 5 
dashed line - the expected 
values in the case of protons 
from sources in the disc 



Fig, 2. The gradient 
“olw/'Wr. 011 galactic 
latitude 6 . Dashed line 
- the expected values in 
the case of protons; 

1 - Yakutsk, 2 - Sydney 


angle and the effective area of the array; Q , f - the zenith 
and azimuthal angles, fc - observation time. The number of 
events on intervals of the right ascension is 


YL (&di) = C f M cU dfi'i . 

& f 

Then the anisotropy is 

<T= [h mQK (Ad)-n m cJ^^)]/[n mat (&d)-h n mih (Ad)] , 

It is seen that anisotropy S’* determined on event number on 
a large solid angle is not identical with anisotropy S’ deter- 
mined on intensity. Hote that the some correction of the 1 -st 


harmonic amplitude in energy range 1Q 18 _ 2 .io 19 eV (Fig.1) 

can be made deviding it into cos# where b - the average 
galactic latitude of the observed showers. The anisotropy 
vector (Pig. 1 ) is observed at the angle 6 . Similar idea 
was supposed in f 7 ] . 

Galactic model . Discussed here anisotropy characteris- 
tics at E Q > 10 1 eV (the 1-st harmonic phases, a gradient 
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of particle distribution at positive latitudes) at quasi- 
rectilinear motion of particles can be explained qualitative- 
ly by sources distributed in the galactic disc (evidently the 
maximum of particle arrival being from galactic plane where 
the number of sources is large). At allowed on radiodata mag- 
netic fields of disc (2-3 juG ) and halo ( ^ 1 ju.G ) the 
quasirectilinear motion is expected in the considered energy 
range in a case of protons [l,2] . The observed on experi- 
mental data ratio of showers equator- pole n(| b |< 30°)/n(|b| > 

>30°) 2 about lO 1 ^ eV [5] can be also explained in the 

case of protons by sources in galactic disc (in the first 
approximation the particle number proportional to the ra- 
dius of ball sectors of the region of sources). 

Consider how these experimental data agree on amplitude 
with the expected one from galactic sources. Calculating the 
individual trajectories of antiprotons from the Earth in 
sign-constant longitudinal magnetic field of the disc and 
halo (the sign-constant field of the disc is considered to be 
more probable, see, for instance, [8] ) we estimated the exp- 
ected anisotropy from sources distributed uniform in galactic 
disc (the central sources can be excluded from the number of 
possible ones [2] ). The expected anisotropy was estimated 
(Pigs. 1,3) by the expected particle number on a large solid 
angle as in the case of experimental data (in detail see [6]). 
The given anisotropy appears to be 2-3 times less than the 
expected one determined on intensity, though they coincide 
in phase. Note that the account of the inhomogeneous distri- 
bution of sources in the disc changes weekly the estimated 
anisotropy [6] . The observed ratio of showers equator-pole 
on Yakutsk array data [5] (Pig. 3) is 
decreased due to the exposition time 
of regions of sky [ 5 1 . 

We estimated the expected gradi- 
ent of particles on galactic latitude 
(Pig. 2, see also [[9] ) from calcula- 

ted lengths of trajectories in galac- 
tic disc using formally the obtained 
dependence of particle number upon 
trajectory lengths [6] (in the case of 
small solid angle, ao = 10°, &l ~ 120° , 
we can not strictly use the this de- 
pendence) . 2 

On X -criterium we compared the 
observed event number on right ascen- 
sion [5] with the expected one in the 
case of protons from sources in the 
disc. We supposed that the observed 
number of events is a sum of aniso- 
tropic galactic (G-portion) and iso- 
tropic extragalactic cosmic ray com- 
ponents. In the Table are shown G at 

which X^ is minimum, in brackets - 
upper limits of G. 


nUlhsa') 


2- 


18 - 


1 . 6 - 
1M - 
12 - 
1 - 


A 


A 


V 


/ 


i 

10" 


10 


eV 


Pig. 3. The ratio of 
showers equator-pole. 
Dashed line - expected 
in the case of pro- 
tons from sources in 
the disc 
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On results of compa- 
rison of the observed and 
expect anisotropies on am- 
plitude ani phase of the 
1-st harmonic, on ratio of 
the number of showers equa- 
tor-pole, on X -criterium 
the particles with energies 
1 9 

up to 10 eV can be consi- 
dered of galactic origin. 

_ Our detailed calcula- 
tions on galactic model show [2,6 J that at energies above 
1 8 

10 eV the maximum of particle arrived, from the high galac- 
tic latitudes is not expected. She observed excess of par- 
ticles from the high latitudes [4,5,7»10]at energies 
19 

E >2*10 eV, to be more accurate, from direction of centre 
o£ the local supercluster to be probably caused by extra- 
galactic sources. .q 

Conclusion . The particles with energies up to 10 y eV 

1 9 

are of galactic origin and above 2« 10 eV are rather of 
extragalactic origin. 


Table 


E o’ eV 

Number 

showers 

of G,% 

2,1.10 18 

3147 

80(100) 

6,7*10^ 

256 

100(100) 

1,7*10^ 

115 

100(100) 
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ABUNDANCE OF LOW ENERGY (50-150 MeV) 
ANTIPROTONS IN COSMIC RAYS 

Apparao, K.M.V. , Biswas, S., Durgaprasad, N. 
and Stephens, S.A. 

Tata Institute of Fundamental Research 
Homi Bhabha Road, Bombay 400005, India 

ABSTRACT 

We present the progress of our nuclear emulsion 
experiment to determine on abundance of low energy 
antiprotons in cosmic rays. We have not detected 

_ _4 

any so far and obtain an upper limit of p/p<4xl0 
in the energy range 50-150 MeV. 


During the last International Conference on Cosmic Rays 
at Bangalore, we 1 reported preliminary results of an experi- 
ment to determine the abundance of low energy antiprotons in 
cosmic rays. We are using a nuclear emulsion stack of 200 

Ilford G5 emulsion oellicles exposed on July 3, 1972 at Fort 

-2 

Churchill, Canada for 13h 45m at a depth of 1.7 g.cm of 

residual atmosphere. We scanned at a depth of mostly 2 cms 

from the top edge, for nuclear interactions containing one 

high energy track and then followed all tracks in the upper 

hemisphere towards the edge of the entry. This will pick 

out interactions produced by a particle coming from outside 

the stack. The signature of a low energy anti-proton is a 

track corresponding to a slow particle (<200 MeV) of protonic 

mass and producing an interaction with a visible energy re- 

2 

lease more than the kinetic energy of the incoming proton . 

In the previous ICRC we had reported five candidates. 
These were obtained by making grain density measurements 
along the track, which indicated the direction of motion of 
the particle producing the track, i.e. whether the particle 
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is coming into the interaction or produced in the interaction 
and going away from the interaction. None of the candidates 

stopped in the emulsion at the point of interaction. We have 

-3 

now scanned a total volume of 7.8 cm of emulsion. A total 
of about 19,590 interactions were looked at and 10,169 tracks 
were followed towards the top of the stack. Out of these 288 
tracks left the stack at the top and grain density measure- 
ments were carried out on them. Those that showed that they 
are proceeding towards the interaction are called candidates 
for p and were subjected to blob-gap measurements in all 
pellicles through which they pass. We have made extensive 
grain density and blob-gap measurements on relativistic alpha 
tracks in various regions of the stack to determine variations 
of the sensitivity of the emulsion in a single pellicle as 
well as from pellicle to pellicle. We used stopping protons 
and electron pairs to obtain the calibration curves for ioni- 
zation versus range. 

With the above effort, we found that the previous candi- 
dates are not anti-protons. We also found another 15 candi- 
dates, which also did not turn out to be antiprotons. We 

have calculated the gathering power of our volume to be 

3 2 - 

2.38x10 m .sr.s.MeV yielding as an upper limit to p flux of 

-4-2-1-1 -1 

-4x10 m .s .sr .MeV in the energy range 50-150 MeV. 

This flux limit is to be compared to the flux of (1.7 ± 0.5) 

-4 -2 -1 -1 -1 -3 

x 10 m . sr . s MeV obtained by Buffington et al.- 5 ; 

however the flux obtained by Buffington et al. is in the 

energy range 130-320 MeV. The upper limit to the p/p ratio 

in the energy range 50-150 MeV is obtained using the proton 

flux in this energy range of 0.96 ± 0.07 m s ^ . sr ^ MeV"*" 

obtained* from IMP-6 satellite on this date, and is 

4.3 x 10 -4 (la) . 


* 


We are thankful to Dr. T. von Rosenvinge for this infor- 
mation . 
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In the last ICRC we reported an event which we interpre- 
ted as an anti-triton event on the basis of grain density 
measurements. Since then we have made blob gap measurements 
and multiple scattering measurements on the track in all the 
pellicles through which it passes. After taking into account 
the plate to plate variations, we found that the ionization 

measurements made the identification of the incoming track 

3 3 

between t and He ambiguous; perhaps more consistent with He 

nucleus (Fig. 1) . In Fig. 2 we show the plot of normalised 

ionization parameter obtained from blob-gap measurements, 

versus the multiple scattering parameter for lOOy cell length. 

(The parameter for 100u is obtained from values obtained 

from higher cell lengths and the usual third difference method 

to remove distortion effects) . The curves for H and He are 

shown. Here again we do not find convincing evidence that 

the incoming track is a triton, eventhough the measurements 

do not fit well with a He curve. Therefore, we do not 

believe the track to be due to an anti-triton. 

Acknowledgements: Our thanks are due to Dr. R. Silberberg 

and the authorities of the Naval Research Laboratory, USA for 
loaning the emulsion stack. We appreciate the patient scan- 
ning and measuring work of Ms. S. Savitri, Mrs. S.P. 
Prabhudesai, Mrs. R. Chandrasekhar, Mr. D.M. Pawar and 
Mr . D . Mane . 
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Fig. 1. Normalised ionisation parameter I/I Q obtained from 
blob-gap measurements versus residual range. The curves for 
protons (P) and He^ are obtained from calibration tracks. 

The measurements of the candidate track are plotted once on 
the triton curve and once on He 3 curve to examine the fits. 



Fig. 2. Normalised ionisation parameter I/I Q obtained from 
blob-gap measurements versus scattering parameter. The 
measured values for the candidate track are plotted; typical 
error is shown. 
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SEARCH FOR HEAVY ANTINUCLEI IN THE COSMIC RADIATION 


Niels Lund and Miriam Rotenberg 
The Copenhagen-Saclay HEAO Collaboration 
Danish Space Research Institute, Lundtoftevej 7, DK-2800 Lyngby 


Introduction 


The cosmic radiation is one of the few channels through which the 
existence of significant amounts of antimatter in the Universe may be 
demonstrated. Such a finding would be of fundamental importance for 
cosmology as well as for particle physics. 

The data from the Danish-French Cosmic Ray Spectrometer on the HEA0-3 
satellite offers an opportunity to search for heavy antinuclei, since 
all the relevant parameters (charge, velocity, arrival direction, and 
satellite position at the time of arrival) are measured for each 
recorded nucleus. 

Instrumentation and initial data selection 


The HEAO- 3 instrument is described in detail in (3) . The charge and 
velocity of each particle is determined from the signals produced in a 
stack of five Cerenkov counters. 

The consistency of the signals are used to check for particles 
undergoing nuclear interactions while traversing the instrument. For 
this investigation, however, the consistency requirements have been 
relaxed somewhat from the values used generally, in order not to reject 
antinuclei, which are expected to yield sigrials differing slightly from 
those of their positive counterparts. 

The particle velocity is determined from a fit to the Cerenkov signals. 
We use a routine which determines not only the best fit velocity, but 
also the lower and upper bounds for a velocity interval outside which 
the true values should only lie in one case out of 10 . 

Particles with inconsistent values of the velocity signals have been 
rejected. 

The present analysis is limited to elements heavier than fluorine since 
the reliability of the time-of-f light system has been found to degrade 
somewhat for lighter elements. 

Pilot runs showed that the number of particles with zenith angles less 
than 90° which could be assigned a unique charge is quite small. 
Consequently we restrict the data base to particles with zenith angles 
greater than 90°. 

Trajectory tracings 

Before beginning the trajectory tracings the acceptable velocity range 
mentioned above is converted to a rigidity interval by using a very 
wide range of possible isotopic masses for each element. This procedure 
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takes into account the possibility that a short lived fragment produced 
in the atmosphere may follow a different trajectory than the ones 
available to the stable isotopes. 

The helix-method (4) is used for the trajectory tracings. The magnetic 
field model used is a 14. order model based on MAGSAT data (5). For 

each rigidity value it is checked if any of the two possible charge 

signs corresponds to an acceptable arrival situation. Dependent on the 
outcome of the tracings the particles are divided into four classes: 

1) Both charge signs are possible. This class contains all events for 
which at least one positive rigidity and at least one negative 
rigidity are acceptable. 

2) Only a positive sign is possible, i.e., particles for which at 

least one positive rigidity is acceptable and none of the negative 
rigidities are acceptable. 

3) Only a negative sign is possible, i.e., all positive rigidities 

forbidden, but at least one negative is allowed. 

4) Neither sign is allowed, all positive as well as negative 
rigidities are forbidden. 

A very conservative criterion for classifying a rigidity as "forbidden" 
has been used. It is demanded that the corresponding trajectory 
intersects the solid Earth within a trajectory length of one Earth 
radius from the satellite position. 

In order to allow for some error in the determination of the particle 
arrival directions, any particle which is initially in class 2, 3 or 4 
is recalculated using a zenith angle diminished by 2 degrees relative 
to the measured value. 

Results 


Of the initial data set about 25% or 34070 events are classified as 
positive only, 15 events are negative only (antiparticle candidates) 
and 10 events are impossible regardless of the sign assumed. The rest, 
103266 events, are consistent with either charge sign. 

Details on the 25 particles of classes 3 and 4 can be found in tables 1 
and 2 . 

Inspection of these 25 events reveals that 7 antiparticle candidates 
and 2 impossibles were all recorded on one single day (Nov. 11, 1979). 
The total set comprises data from over 400 days. We have found no 
satisfactory explanation for this burst of unusual trajectories. There 
were no signs of instrument or satellite malfunctions. A Forbush 
decrease occurred on this day, but we see no particular reson to 
connect the two events . The geomagnetic activity index was between 1 
and 2+ . We have noted that 8 of the 9 unusual events were recorded in 
the vincinity of the Sourth Atlantic Anomaly. The instrument was 
switched off during the passages through the Anomaly and the 8 events 
occurred in the first few minutes after switch on. The connection 
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between the switching of the experiment and the peculiar events is not 
obvious, however, because in the total data set there are several 
thousand such passages without irregularities. We have therefore 
decided to reject all events (of all classes) recorded on this day from 
this work. 

The remaining 8 impossible events indicate the level of background for 
the antiparticle search. This background may be due to inadequacies of 
the measured data (charge, velocity, and arrival direction for the 
particles) or it may arise due to inadequacies of the magnetic field 
model. The MAGSAT model does not describe local crust related magnetic 
anomalies and does not take into account magnetic disturbances which 
might exist at the specific time of our particle recordings. 

When analyzing the geographic distribution of the remaining "impossi- 
bles", it appears that the problem lies with the magnetic field data 
because these particles have preferentially been detected at low 
geomagnetic cut-off values where magnetospheric disturbances have the 
largest effect. We have therefore investigated the effect of excluding 
data obtained at locations with geomagnetic L-values greater than 1.5. 
It turns out that most of the "particle" candidates remain in this 
selection whereas all the "antiparticle" candidates and all but one of 
the "impossibles" are gone. This last "impossible" event may be 
reasonably attributed to the uncertainty of the time-of-f light 
imformation. In fact, an indeper^lent analysis leads us to suspect a 
residual contamination at the 10 level for the time-of-f light system. 
We also note that all but one of the Nov. 11 events have L-values 
greater than 1.5. 

Conclusion 


Using the 22676 "positive only" events in the data selection 
corresponding to h<1.5 as a measure of our "exposure factor" to heavy 
antinuclei and noting that no corresponding antinuclei were found we 
can give an upper l^mit (95% confidence) to the ratio of antinuclei to 
nuclei as 1.4 x 10 for particles with |z|p» 9. In table 3 we compare 
the upper limit resulting from this work with previous results of 
searches for heavy antimatter in the cosmic radiation. It is seen that, 
if one regards only antiparticles heavier than fluorine, then the 
present result represents a reduced upper limit over previous data. 
When taken together, all the available experiment data now push the 
upper limit for the ratio of antiparticles to particles well below 
10 4 ' 

As a final remark we may stress that we have found no satisfactory 
explanation for the 9 unusual particle tracks seen on November 11, 
1979. We would appreciate being informed of other geophysical 
"curiosities" which might have been observed on this date. 
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TABLE 1 Antiparticle candidates 


Date 

GMT 

Lat . 

Long. 

L-value 

Zen . 

Az . 

z 

p GeV/c 

4.3a 

range 

791111 

07 59 

-43.3° 

32.1° 

2.51 

128° 

20° 

10 

4.13 

3.74 


4.89 

791111 

07 59 

-43.3 

32.3 

2.51 

123 

44 

14 

1.58 

1.52 

- 

1.65 

791111 

08 00 

-43.5 

37.0 

2.52 

135 

18 

13 

4.66 

4.19 

- 

5.54 

791111 

08 01 

-43.6 

39.7 

2.52 

107 

29 

19 

8.02 

7.40 

- 

9.31 

791111 

09 37 

-43.0 

27.3 

2.49 

119 

36 

14 

2.16 

1.98 

- 

2.45 

791111 

09 37 

-42.8 

28.9 

2.49 

129 

15 

14 

5.38 

4.66 

- 

6.41 

791111 

09 38 

-42.4 

31.6 

2.49 

122 

36 

14 

2.11 

1.94 

- 

2.35 

791215 

14 46 

-43.6 

74.8 

3.0 

105 

138 

10 

1.17 

1.14 

- 

1.19 

800129 

17 18 

-38.0 

133.4 

2.5 

109 

79 

13 

7.22 

6.70 

- 

8.22 

800205 

09 08 

-43.4 

-175.8 

2.4 

130 

-63 

12 

2.14 

1.94 

- 

2.48 

800206 

00 04 

41.8 

148.9 

1.6 

95 

55 

12 

6.28 

5.27 

- 

6.70 

800415 

02 20 

-43.6 

-36.4 

1.63 

109 

46 

10 

3.09 

2.97 

- 

3.28 

800715 

20 13 

-36.8 

61.2 

2.2 

114 

52 

18 

7.15 

6.73 

- 

7.90 

801025 

09 35 

-36.5 

-171.7 

1.75 

99 

123 

10 

8.73 

7.44 

- 

12.94 

801031 

13 38 

-41.2 

102.0 

3.0 

107 

116 

12 

8.81 

7.66 

- 

11.94 





TABLE 2 

"Impossible particles 

II 




790930 

20 57 

-42.8° 

104.8° 

3.3 

135° 

-75° 

12 

4.30 

3.89 - 

5.02 

791005 

18 06 

41.8 

-71.3 

3.1 

119 

-48 

13 

1.21 

1.20 - 

1.22 

791017 

17 08 

-43.3 

72.2 

3.0 

134 

86 

13 

1.97 

1.82 - 

2.21 

791111 

10 05 

16.2 

116.3 

1.0 

146 

114 

16 

56.36 

15.4 - 

CO 

791111 

11 22 

-25.9 

48.2 

1.6 

109 

171 

12 

6.73 

6.34 - 

7.44 

791208 

21 04 

-43.5 

18.2 

2.3 

168 

70 

10 

1.28 

1.26 - 

1.32 

800628 

17 08 

-43.6 

-176.0 

2.4 

147 

-107 

20 

5.43 

4.87 - 

6.31 

800823 

00 50 

-43.5 

57.6 

2.4 

152 

-54 

14 

2.68 

2.34 - 

2.97 

800912 

05 19 

35.6 

2.6 

1.5 

144 

-79 

10 

16.36 

10.13 - 

OO 

801105 

06 32 

38.7 

-12.3 

1.8 

129 

14 

20 

20.07 

11.42 - 

CO 


TABLE 3 Searches for antinuclei 

95% confidence upper limit 

Badhwar et al (1978) Z = 2 
Smoot et al (1975) Z > 2 

Present work Z > 9 
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PROPAGATION AND SECONDARY PRODUCTION OF LOW ENERGY 
ANTIPROTONS IN THE ATMOSPHERE* 


T. Bowen and A. Moats 
Department of Physics 

University of Arizona, Tucson, AZ 85721, USA 

1. Introduction . Current theories, in which the observed antiproton component is 
attributed strictly to secondary production in high energy inelastic collisions of 
protons with the interstellar medium or the atmosphere, apparently fail to explain 
the relatively high p vertical intensities measured at mountain and balloon 
altitudes. Therefore, a more careful calculation of the theoretical secondary 
intensity spectra is required before more exotic sources for these excess p's can 
be explored. 

In this paper, we have used a one-dimensional diffusion equation (valid if 
®lab - 20° down to sea level) to calculate the expected vertical intensity of p's 
due only to secondary production in the atmosphere; any assumed primary p 
spectrum can also be included. Two adjustable parameters, the inelasticity and 
charge exchange in nucleon-nucleus collisions, were included in our algorithm. In 
order to obtain an independent estimate of their values, we first calculated the 
proton vertical intensities in the atmosphere, adjusting the parameters until our 
curves fit the experimental proton data, and then assumed that these values were 
identical in antinucleon-nucleus collisions. 


2. Results . Our calculations followed a method suggested to us by T. K. Gaisser 

in which the atmosphere was divided into "slabs" of equal thickness Ax; slabs of 1 
g/cm 2 were used. In calculating the differential proton intensities, a primary 
proton spectrum of the form 1 j p = 2(E + 2.15) -2 * 75 cm -2 -s _1 -sr' 1 -GeV' 1 , where E 

is the proton kinetic energy in GeV, was assumed. Protons and neutrons from 
higher Z nuclei were assumed to have the same spectral shape, and all protons and 
nuclei whose momenta were less than the vertical cutoff rigidity were excluded. 
Then, working from the top of the atmosphere down to sea level, the proton 
intensity of the i + 1 slab was calculated using the equations n(i + 1) = n(i) + 
(dn(E)/dx)Ax and 


dn p (E) 

dx 


n p( E ) | ( dE ) ^ B + j” i dN(E,E Q ) 

-.air dx Ae r _ir.air dE 
A. . Ln-tx. . 

inel u mel 


[(l-a)n p (E Q ) + an n (Eg)]dE 0 , 


( 1 ) 


with a similar equation [without the ionization loss 2 term (dE/dx)(An p /AE)] for the 
neutron intensity, n n . All of the values of n on the right-hand side are the values 
from the slab i above. A^l is the inelastic mean-free path of proton-air nuclei 
collisions, scaled from p- C data. 3 * 4 The last term in the equation above adds in 
the protons gained from inelastic collisions of higher energy protons with air 
nuclei, with dN(E,E 0 )/dE defined as the probability of a proton with initial energy 
E 0 possessing energy E after collision. A uniform probability distribution ranging 
from 0 to eE 0 for dN(E,E 0 )/dE, with average elasticity e/2, was assumed, e and 
the probability a of charge exchange were our adjustable parameters. With the 
values a = 0.333 and e = 0.9, our computed proton intensities matched the 
experimental data quite well (see Fig. 1). We then used these values for e and a 
in our antiproton intensity calculations. 
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Fig. 1. The curves show the 

calculated results for vertical proton 
intensities at 710, 747, and 1030 
g/cm 2 depth. The data is a 
compilation by Barber et al., Ref. 14. 


Using the same method, the antiproton intensity due only to secondary 
production was calculated with equations analogous to Eg. (1), but with the term, 


E 0 =E 


.air 

inel 


„air 

inel 


< r (E,E 0 ) 

dE 


n nucleon^0^ cl ^0 


added on the right side for the production spectrum of p's in proton-air collisions, 
which is taken from a parameterization of Tan and Ng, 5 attenuated with an 
attenuation length of 122 g/cm 2 as depth increases. The form of dE/dx and 
dN(E,Eg)/dE were the same as used in the proton calculations. Xf^ ir , the p mean- 
free path in air for annihilation and inelastic scattering, was estimated by scaling 
a power-law fit to p- 12 C reaction cross sections from data compiled by G. Bruge 6 
and provided to us by J. C. Peng, LAMPF; the result is shown in Fig. 2, curve d, 
along with another estimate, 7 curve e. Three different forms of Xpifj, the 
antiproton mean-free path in air for inelastic, non-annihilation collisions* were 
tried, as shown in Fig. 2. In version c, Xs*ir was assumed to be equal to Xf^j for 
protons. A curve from Szabelski and Wolfendale 7 was used in version b. Finally, 
in version a, we attempted a realistic estimate for Xf/^1 by assuming that Xfti^l / 
X§Hnih = a annih^PP^ a inel^PP)" Since there is little data available on a inel (pp) [non- 
annihilation], we assumed that it is the same as the pp inelastic cross section. 8 
Below 0.5 GeV, Xf/,^j depends entirely on quasi-elastic p-nucleon scattering; for 
our realistic estimate shown in curve a, the quasi-elastic scattering was taken to 
be 1/10 as probable as for the p-nucleon case, based upon special Monte Carlo 
runs using ISABEL INC for p- 2 C inelastic scattering at 180 and 400 MeV 9 
arranged for us by P. L. McGanghey at Los Alamos. 
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Fig. 2. Anti proton-air interaction 
lengths (mean-free paths) em- 
ployed in the calculations: (a) 

_ a ir 

Xi ne i derived from our most real- 
istic estimate of aj ne j(p-air); (b) 
Xfnei from Ref. 7; (c) Xfpel derived 

3i r 

if a ineI (p-air) = a R (p-air); (d) Xr 
derived from our fit to Or(p- 12 C) 

. gjp 

data; (e) Xr from Ref. 7. 


The results of our antiproton calculations, along with experimental data for 
the p vertical intensities at mountain altitudes, are shown in Fig. 3. At mountain 
altitude, both curves a and c are consistent with observations by the Arizona 
group, 1 ® although we feel that the comparison with curve a, our most realistic 
estimate, is the more significant one. At balloon altitudes, our secondary p 
intensity estimates are an order of magnitude below the intensities reported by 
Buffington et al. 11 and Golden et al. 12 




Fig. 3. The curves show calculated antiproton intensities produced 
by atmospheric interactions at 7 47 g/cm 2 11 g/cm 2 , and 5 g/cm 2 
depth. The data points are taken from Refs. 10, 11, and 12. The 
designations (a), (b), and (c) correspond to utilizing curves (a,d), (b,e), 
and (c,d), respectively, from Fig. 2. 
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These results assume that there is no primary p spectrum. We then 
added to version "a" a primary p spectrum normalized by passing through 
the point_ of Golden et al. 12 at 8.5 GeV of the form 

then 
was 

2.0% greater than the purely secondary p spectrum; with y=2.1 as 
suggested by Stecker and Wolfendale, 13 the primary p contribution at 
mountain altitude increases to 4.8%. Then y was adjusted until the 
calculated low energy p intensity at 747 g/cm 2 , due to the primaries, 
equaled the difference between the data from Bowen et al. 10 and the 
calculated result for purely secondary p spectrum [Fig. 3(747 g/cm 2 ), curve 
a]. A rather flat spectrum, y=0.95, is required. We also determined the 
most probable energy of the primary antiprotons contributing to the low 
energy p's at 747 g/cm 2 : for y=2.1, it was 30 GeV; for y=1.5, 240 GeV; for 
y=0.9, 3800 GeV. Obviously, more data on the antiproton intensities at high 
altitudes, as well as additional data on p cross sections, are needed before 
making an analysis with fewer approximations. 
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SECONDARY ANTIPROTON PRODUCTION IN RELATIVISTIC PLASMAS 

C. D. Dermer* and R. Ramaty 
NASA/Goddard Space Flight Center 
Greenbelt , MD 20771 

I. Introduction. We investigate the possibility that the reported 
excess low energy anti proton component of the cosmic radiation results 
from proton-proton (p-p) interactions in relativistic plasmas. Because 
of both target and projectile motion in such plasmas, the anti proton 
production threshold in the frame of the plasma is much lower than the 
threshold of anti proton production in cosmic ray interactions with 
ambient matter. The spectrum of the resultant antiprotons therefore 
extends to much lower energy than in the cosmic ray case. 

We calculate the antiproton spectrum for relativistic thermal plasmas 
and estimate the spectrum for relativistic nonthermal plasmas. As 
possible production sites, we consider matter accreting onto compact 
objects located in the galaxy. Possible overproduction of y-rays from 
associated it ° production can be avoided if the site is optically thick 
to the photons but not to the anti protons. A possible scenario involves 
a sufficiently large photon density that the n 0 y-rays are absorbed by 
y-y pair production. Escape of the antiprotons to the interstellar 
medium can be mediated by anti neutron production. 

II. Observations and Constraints on Secondary Production Models. Golden 
et aT (1979) have reported an anti proton to proton (p/p ) ratio of 
5.2(± 1.5)xl0 -4 in the cosmic radiation in the energy range 4.7-11.6 
GeV. Bogomolov et al. (1979), on the basis of only two events, report 
a p/p ratio of 6(±4)xl0" 4 at energies between 2 and 5 GeV. Buffington 
et al. (1981) report a p/p ratio of 2.2(±0.6)xl0" 4 between 130 and 320 
MeV, and also determine that the antihelium to helium ratio a /a < 2.2x 
10 -5 in the energy range 130-370 MeV/nucleon. Upper limits on prior 
antinucleus searches can also be found in this paper. 

As is well known, the simple "leaky box" model of cosmic ray propagation 
predicts a p/p ratio smaller by a factor of 3-5 than the values measured 
in the Golden and Bogomolov experiments. Because of the kinematic cutoff 
associated with the high p production threshold in p-p collisions when 
one of the protons is at rest, the p/p ratio predicted by this model is 
some two orders of magnitude lower than the value reported by Buffington 
et al., even after the effects of solar modulation are taken into 
account (Tan and Ng 1983a). The low a/a ratio, in comparison with the 
p/p ratios, suggests a secondary origin of the p, although primary 
cosmic ray anti proton theories, with subsequent breakdown of the A > 1 
antinuclei, have been proposed (e.g., Stecker et al. 1983). 

Theories of secondary p production in p-p collisions in the galaxy are 
constrained by the observed galactic gamma-ray luminosity. The observed 
antiproton flux $- (E) implies a total galactic p production rate 


*NAS/NRC Resident Research Associate 
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00 $ ( E ) 

Q(P) ~ -^r- 1 dE ^JeJ~ (3.5x10“ 14 V/t) p/sec, 

where V is the galactic confinement volume and t is the average galactic 
p residence time. Taking V ~ ir (15 kpc) 2 (1 kpc) - 1.2X10 67 cm 3 and t ~ 
10 7 yrs gives Q(p) ~ 2.1X10 39 p/sec. If the production of a secondary 
p is accompanied by the production of <n> ir°-decay gamma rays, the 
resultant y-ray luminosity of the galaxy Q(y ) ~ <n>Q(p). In the case of 
the production of >100 MeV photons in cosmic ray interactions, <n> ~ 

2.7xl0 3 , from the calculations of Stephens and Badhwar (1981) and Tan 
and Ng (1983a). If the p in the cosmic radiation are entirely cosmic 
ray secondaries, the > 100 MeV luminosity of the galaxy should there- 
fore be at least 5.7X10 42 y/sec, in contrast to the measured value of ~ 
2.5x10*2 y/sec from the work of Bloemen et al. (1984). This latter 
number is an upper limit, since it includes a significant contribution 
from bremsstrahlung and inverse Compton y-rays. 

Various models have been designed to either increase the p lifetime t, 
incorporate additional p sources, or conceal the it ° y-rays. Although 
the integral production rate of p can then be made to agree with obser- 
vations, most models still fail to predict a substantial low energy p 
flux because of the low energy cutoff that results from secondary inter- 
actions with stationary targets, in disagreement with the experiment of 
Buffington et al . (1981). Models that provide deceleration of the p 


after production or require that 
the Solar System occupies a 
special position in the galaxy 
have also been proposed 
(Stephens and Mauger 1984; Tan 
and Ng 1983b). 

III. Secondary Discrete Source 
Model . We examine the possible 
Titles' that the low energy 
antiprotons observed in the 

cosmic radiation are produced 
through secondary p-p 

interactions in relativistic 
plasmas in the vicinity of a 
neutron star or black hole. At 
proton temperatures 0 = kT/m c 2 

> 0.2 (0 p = 1 corresponds to ~ 
10 13 K), ci significant number of 
secondary p can be produced. 

We have calculated the rate 
coefficients and production 
0.02 0.05 0.1 0.2 0.5 1.0 2.0 spectra (Weaver 1976; Dermer 

Dimensionless Temperature 0 P 1984) for secondary p using the 

Fig. 1. The rate coefficients for secondary tt 0 and p production from p- 
p collisions in a relativistic plasma at temperature© = kT/m c 2 . Also 
shown is the w° luminosity coefficient giving the fyotal energy in 
secondary tt 0 y-rays produced at temperature 0 . 
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invariant cross section of Tan and Ng 
(1982) and the results are shown in 
Figs. 1 and 2. We have also calculated 
the rate and luminosity coefficients 
from secondary it ° production data. 
From Fig. 1 we find that the efficiency 
for p production compared to n ° 
production is greater than in the 
cosmic ray case for 0 2 °* 5 > so the 

total ir “-decay y-ray ^luminosity will 
not exceed limits implied by y-ray 
observations of the galaxy. In 
addition, a number of absorption 
processes likely to occur near compact 
objects, such as photon-photon or 
magnetic pair production, can further 
reduce the ir ° y-ray luminosity. 

The p spectra shown in Fig. 2 for a 
variety of temperatures extend to low 
energies without the appearance of the 
kinematic cutoff found in the cosmic 
ray problem. The spectra peak at 
higher energies with increasing 
temperature, and exhibit an exponential 
decline above the peak temperature. 
But in all cases a very low energy 
secondary p component is calculated, 
which could possibly explain the low 
energy p observation of Buffington et 
al. (1981). 


Fig. 2. Secondary p production spectra at various temperatures 
0p = kT/nipC 2 are given as a function of kinetic energy E. 

IV. Discussion. Possible production sites of the p's include the 
galactic bulge binary X-ray sources or the objects associated with the 
y-ray point sources (e.g. Cyg X-3). Models for disk accretion (Eilek 
1980) and spherical accretion incorporating shocks (Meszaros and 
Ostriker 1983) could yield proton temperatures as high as 0 ~ 1. 

Although the establishment of a thermal distribution of protons may not 
be possible at these temperatures, this assumption affords the simplest 
calculations. Preliminary estimates employing nonthermal proton spectra 
in relativistic plasmas suggest low energy p spectra similar in form to 
the results of Fig. 2. 


Transport of the secondary p from the production site can occur because 
antineutrons n, produced in equal numbers as the p (Gaisser and Maurer 
1973), are not confined by the ambient plasma magnetic field. The n 
will escape to the interstellar medium and subsequently decay into p 
(the calculations of Figs. 1 and 2 refer only to these particles). 
Because of the finite lifetime of the n, an upper limit can be placed on 
the mass of black holes that serve as production sites for the p. Re- 
quiring that the marginally relativistic n escape to ~ 10 Schwarzschild 
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radii implies a maximum black hole mass of <10 7 Mq. Past activity 
around such a massive black hole at the Galactic Center could have 
produced the anti protons without a large contemporaneous gamma 
emission. A detailed treatment of p production _i n a relativistic plasma 
must also include distortions of the emergent n and y-ray spectrum due 
to the intense gravitational field of the compact object, and possible 
reacceleration of the source spectrum in the galactic environment. 

V. Conclusions. We have presented a model that can produce low energy 
anti protons through secondary p-p interactions in relativistic 
plasmas. Such a model is in agreement with the observation of low 
energy anti protons in the cosmic radiation and the observed y-ray 
luminosity of the galaxy. Moreover, it agrees with the present lack of 
observations of anti nuclei in the cosmic radiation, whose formation by 
secondary production processes is entirely negligible. 
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THE FLUX OF SECONDARY ANTI-DEUTERONS AND 
ANTIHELIUM PRODUCED IN THE INTERSTELLAR MEDIUM 

O.C. Allkofer and D. Brockhausen 
Institut fur Reine und Angewandte Kernphysik 
Universitat Kiel, D- 2300 Kiel, F.R.G. 


Abstract 

Several measurements have been performed to find antiprotons 
in the primary cosmic radiation. Because it is difficult to 
get completely separated secondary produced antiprotons from 
primary ones, calculations based on accelerator results have 
been performed for the flux of secondary produced antideute- 
rons and antihelium. 

1 . Introduction. Antiprotons in the primary cosmic radi- 
ation have been detected in the kinetic energy range between 
130 MeV and 11.6 GeV by different groups and different me- 
thods (Golden et al., 1979; Bogomolov et al., 1979; Buffing- 
ton et al., 1981). 

It was not conclusively possible to demonstrate if there was 
a contribution of primary antiprotons. Since cross-sections 
for secondary produced d, 3 He and ^He are some orders of 
magnitude lower than for p the secondary background would be 
negligible . 

2 . Methods . Using the data for the production of d in pp- 
collisions at Vs 1 = 45 GeV and Vs = 53 GeV and for the pro- 
duction of 3 He at Vs* = 19.4 GeV (Albrow et al., 1975; Gib- 
son et al., 1978; Armitage et al., 1979; Bussiere et al., 

1980) the following fits for the invariant cross-sections 
. — 3 — 

for the production of d and He were obtained: 

/e-^-^ 0 =4 (1 — x R ) 1 6 exp (-2.62p T ) x 10 3 [mbc 3 / (GeV) 2 J , 

' dp ' <1 
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x„ = 


E*~ 


(1 - x R ) 24 exp (-2p T ) x 10 7 jjnbc 3 / (GeV) 2 J , 
: radial scaling variable; 


max 

E* : energy of the antiparticle in the center-of-mass system; 

E* : maximum energy of the antiparticle in the center-of- 
max 

mass system; 

p^, : transverse momentum. 


The measured invariant cross-sections, which were used for 
the fits, have a statistical error of about 30 %. 


With a mass dependence for the invariant cross-section 

(Bussiere et al., 1980) the fit for the invariant cross-sec- 
4 — 

tion of He was obtained: 



x R ) 32 exp (-2p T ) x 10 12 £mbc 3 / (GeV) 2 J . 


These 3 formulas have been used for the whole energy range 
because no data exist for other energies. 

Integrating the invariant cross-sections over the whole so- 
lid-angle we obtained the differential cross-sections for 
the production of d, 3 He and 4 He. Figure 1 shows the re- 
sults for primary protons with an energy of 1000 GeV. 

Using these differential cross-sections and an interstel- 
lar energy spectrum of protons given by Tan and Ng (1983) 
of the form: 

j (T ) = 2.0 x 10 4 T -2 - 75 ( m ~ 2 sr _ 1 s _1 GeV _1 ), 

P P P 

where T is the kinetic energy of the protons in GeV, the 
P . _ 3 — 4 — 

flux of antiparticles d. He and He has been derived on 

the basis of the leaky box model with the mean escape 

_ 2 

length X = 5 g cm independent of energy (Gaisser and 
Levy, 1974) and under neglect of the inelastic interac- 
tions of the produced antiparticles. 
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With these results the event rates for the secondary antipar- 
ticles could be calculated. Table I shows the values for the 

2 

maximal flux using a geometry factor of 1 m sr. 


TABLE I 

Event rates for the detection of secondary anti- 

2 

particles for a geometry factor of 1 m sr 


Particle, 

Event 

rate (yr 1 ) 

7 * 

5 . 4 

X 

10 3 

d 

4.7 

X 

io" 2 

3 ¥e 

4.4 

X 

10- 7 

4 He 

9.4 

X 

io' 13 


* The p event rate is calculated from the measured differen- 
tial p-flux of Buffington et al. (1981). 
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ANALYSIS OF EXPERIMENTAL DATA ON INTERSTELLAR 
ANTIPROTONS IN THE LIGHT OF MEASUREMENTS OF 
HIGH-ENERGY ELECTRONS AND J He NUCLEI 

L .C .Tan 

Department of Physics and Astronomy 
University of Maryland 
College Park, MD 20742 
USA 

We have reexamined the interstellar antiproton 
calculation in view of the recent progress ^n 
measurements of interstellar electrons and He 
nuclei. It is found that the divergence between 
our predicted antiproton flux and the existing 
datum at very low energies is increased. 

It appears that our proposed nonuniform galactic disk (NUGD) model 
(1) can qualitatively explain the unexpectedly large flux of interstellar 
antiprotons (p's). Nevertheless, it should be noted that some ambiguities 
existed in the prototype of the model. For instance, it was unclear 
what fraction of observed p's is of local origin. Moreover, previously 
the value of cosmic-ray escape pathlength ( A ) was suggested with quite 
a large arbitrariness. 

In order to improve the model itself we have compared the high- 
energy electron spectrum predicted for it with measured data(2) . This 
comparison is significant in the estimation of astrophysical parameters 
inherent in the model. Therefore, we find that in the observed proton 
flux the fraction E of the protons being of local origin is only 5±1 %, 
indicating that the dominant part of cosmic-ray protons is contained in 
the distant component of cosmic-rays. Further, the deduced A value in 
the H 2 cloud region is about 3 times that suggested by the leaky box 
model, which is consistent with our conclusion that the main part of 
observed p's is produced in the H 2 cloud region(l). 

Thus an improved calculation is performed to deduce the interstellar 
p flix based on our newly obtained parameter values in the NUGD model. 

In our calculation(see the model elements shown in Fig. 1 of OG 7.2-10) 
the A g value in Box 1 or Box 2 is taken from the empirical relationship 
given in Ref. (3) (hereafter we use the subscripts 1, 2, I and II to 
express the quantities referred to Boxes 1, 2, I and II respectively), 

A el2 (R(GV/c)) " 35 ( 1 + ( 1,88 1 R ) 2 )~ n/2 R -0 ' 7 , (1) 

where the HEAO 3 data(3) for both the B/C and N/0 ratio prefer a value 
of n=3, only the subiron to iron ratio requires a lesser value of n. 
However, we note that the preliminary data on iron nuclei obtained by the 
same group(4) also exhibit a flux increase with decreasing energy which 
is faster than that predicted for the leaky box model. The reason for 
it at present is unknown. Since one of the basic assumptions in our 
NUGD model is that the 'leaky box' concept should be applicable to its 
individual elements, for the time being the inconsistency shown above 



347 


OG 6.1-6 


makes it reasonable to 
neglect the data on iron- 
group of nuclei and keep 
n=3 in Eq. (1). Thus the 
deduced j-jn the p 

flux pred?cted for the 
leaky box model) is shown 
in Fig. 1 as the curve OPLB, 
which is comparable with 
our previous prediction( the 
curve TLBF in Fig. 1). 

In the deduction of the 
source term of p's in the 
cloud region the 
contribution of 'primary' 
p's, which originate from 
Box 2 and flow into Box II, 
should be taken into account 
(2). Thus the contributions 
coming from the 'primary' 
and the 'secondary' (i.e., 
locally produced) components 
of p's in q_ TT are shown in 
Fig. 2 for tne case of 
&= 0.7, where $ is the power 
index of the rigidity (R) 
dependence of ^ . It appears 

that the dominant part of p's is indeed locally produced. 



J pII’ 


Obviously, the estimation of the p flux in the dence cloud region } 
should be dependent upon the assumed value of cosmic-ray convection 
velocity, V. Nevertheless, the convection motion of cosmic rays 
should play a less serious role in view of th^fac^ that 10 GeV cosmic 
rays have a diffusion coefficient of about 10 cm /s (2). Therefore, 
the allowable range of the p flux may be estimated by assuming some 
extreme values of V. Here we will consider the cases of V = 0 (no 
convection motion) and V = 300 km/s (the estimated velocity of galactic 
wind for the normal galaxy(5)) . Thus j_ and the p flux after the 
adiabatic deceleration in the assumed Boundary layer (j_ ), and the p 

flux reaching the solar neighbourhood from Box II (j- ), are shown in 
Fig. 3 for the case of $= 0.7. Since the observed p^llux in the solar 
neighbourhood should contain both the distant and the local components, 
so that we have 


jpNUGD ( 


1 - £ ) j- + £j-io 
J ps J pl2 


( 2 ) 


In Fig. 1 we compare our newly predicted j_ (the thick solid line) 
and its allowable range due to uncertainties of P A e Qjj and £(the region 
between both dashed lines) with our previous prediction (the shaded 
region) and the existing p data(6)-(8). It is found that the consistency 
of our new prediction with the measured data at T_ , the p kinetic 
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energy, above about 1 GeV is 
significantly improved. 
However, the divergence 
between our new prediction 
and the very low-energy 
datum(8) is increased, 
though it is still less than 
2 standard deviations. 

It follows that the 
reliability of the datum 
Bu (8) shown in Fig. 1 may 
be questionalbe, because the 
recently measured He data 
in the corresponding energy 
range do not show a similarly 
abnormal increase(9). 

Actually, Jordan and Meyer(9) 
require a nearly constant 
value of A (- 15 gem ) to 
explain thg measured ratio 
of He to He in the energy 
range of 0.1 - 10 GeV/n. Note 



their deduced A value, being about 3 times that suggested by the leaky 
box model, is in agreement with our reported value of A TT (2). Thus the 
analysis of the isotope composition of cosmic-ray He nuclei excludes any 


abnormal 
0f jpll 


increase of A jj at 
in our calculation. 


low energies, 


and hence any underestimation 


Furhtermore, if the left divergence between our new prediction and 
the datum Bu is due to the existence of an exotic p source, the source 
should be significant only f'' 


below 1 GeV. It is because 
we have already explained 
the existing p data at T_ 
higher than 1 GeV based P 
on the existing model. It 
appears that our calculation 
is in conflict with the 
extragalactic origin of 
observed p's(10), because at 
least at T ? 1 GeV the 
contributiBn of the exotic 
p source should be negligible. 



Fig. 3 


Tj (EiVI 
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OBSERVED ANTIPROTONS AND ENERGY DEPENDENT CONFINEMENT 
OF COSMIC RAYS: A CONFLICT? 

S.A. Stephens 

Tata Institute of Fundamental Research 
Homi Bhabha Road, Bombay 400005, India 


ABSTRACT 

In the frame work of energy dependent confinement for cosmic 
rays, the energy spectrum inside the source is flatter than 
that observed. Antiproton (p) observation suggests large 
amount of matter is being traversed by cosmic rays in some 
sources. As a result, secondary particles are produced in 
abundance, we have calculated their spectra and it is shown 
that the energy dependent confinement model is in conflict 
with some observations. 


1 . Int roduc t ion . The observed secondary to primary nuclei in cosmic 
rays decrease with energy suggesting that matter traversed by cosmic 
rays depends upon energy. Therefore, it was postulated (Eg. Juliusson 
et al. [1]) that the confinement of cosmic rays in the Galaxy is energy 
dependent . Recent observations show that the behaviour of this depen- 
dence is a R _< ^ above ~ 2 GV/c with <5 = 0.6 to 0.7 [2,3], This would 
mean that the accelerated spectrum of cosmic rays has a spectral index 
g = 2.15 to 2.05. P observations show that cosmic rays traverse a 
large amount of matter inside some sources. Because of the flatness 
of source spectrum, secondary particles are copiously produced (4] , and 
the effect of energy loss processes is less felt by the particles. 
Recently, it is shown that supernova (SN) explosion in dense cloudlets 
can explain p observations [5] . This work was based on the Nested 
Leaky Box Model [6] , in which cosmic ray source spectrum has 8 = 2.75. 
In this paper, we calculate the secondary particle production in SN, 
which explode in dense cloudlets, in the framework of energy dependent 
confinement model. We then compare the spectra of y-rays, electrons 
and positrons with observation. 


2. y-ray Emission from Sources. We have established a set of coupled 
differential equations to describe the propagation of protons, p, e ± 
inside SN envelope, by taking into account all energy loss processes 
including adiabatic cooling during expansion [7] . The initially acce- 
lerated spectra is obtained by normalizing the interstellar spectra at 
2 GV/c and thus we obtained 1.65x10^ R -2 • 15/ ( m 2 . sr . s.GV/c) for nucleons 
and 90 R -2 ' 1 ^/ (m 2 . sr. s. GV/c) for electrons. We consider that the 
SN expansion continues in the cloudlet till about 50 g.cm - ^ matter is 
being traversed by cosmic rays. Because of the flat spectrum of 
nucleons, it is found that only 10% of the observed nucleons in cosmic 
rays have to come from such sources in order to account for the observed 
p; the corresponding value for 8=2.75 is 30% [8]. The effect of syn- 
chrotron radiation on electron spectrum is also small and the spectrum 
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Fig.l Integral distribution of 
y-ray sources is shown as 
a function of intensity 
above 100 MeV. The dashed 
curves are for energy 
dependent model and the 
solid curves are for 
Nested Leaky Box model . 


10* I0 F 

X(.>/oomtv) photon/ ( cm 1 *) 

at high energies is not much depleted. 

We have calculated the spectrum of y-rays resulting from tt° decay 
and bremsstrahlung processes. If 90% of the observed cosmic rays come 
from SN exploding in normal interstellar medium, the scaling required to 
estimate the total brightness of the source from the normalized inter- 
stellar spectrum is ~10 62 . In order to calculate this number, we con- 
sider a galactic volume of R = 15 kpc and h = 0.5 kpc, in which cosmic 
rays are stored for 3xl0 7 yrs. In this volume, the rate of SN explosion 
in interstellar medium is one in 30 yrs. We assume that acceleration is 
complete in ~200 yrs and the adiabatic cooling effective during the adia- 
batic phase. The number of SN required in cloudlets to account for the 
observed p is calculated and the relative number to that explode in in- 
terstellar space is found to be 0.129, 0.093, 0.075 and 0.061 for 
n H = 4x10^, 10^ and 2.5x10^ atom. cm -2 respectively. Making use of 

these parameters, we have calculated the luminosity distribution of y-ray 
sources in the Galaxy as described elsewhere [9] . 

We have shown in Fig. 1, the luminosity distribution of y-ray 
sources for energies 100 MeV, assuming that the distribution of SN in 
the Galaxy is similar to the molecular hydrogen [10] . The dashed 
Curve A is calculated for n H = 10^ cm -2 and Curve B after folding in the 
observed density distribution of clouds [11] . These are compared with 
the Cos-B distribution [12] , which is shown by the histogram. It is 
clear from this figure that there is no serious conflict with the data. 
For comparison, we have shown by solid curves the predictions with 
3 = 2.75 [9]. We have also estimated the spectral hardness of y-ray 
sources, which is defined as I (> 300 MeV)/ I(> 100 MeV). It is found 
that over the life of the SN, this varies only by small amount from 
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Fig. 2 Electron spectrum is shown 
in the lower part and po- 
sitron spectrum in the up- 
per part. The solid cur- 
ves are for energy depen- 
dent model and the dashed 
curves for Nested Leaky 
Box model . 


0.475 to 0.46, due to the flat input spectrum. This value is indeed in 
conflict with the observed values [12] , most of which are much smaller. 


3. Electron Spectrum. We have calculated the equilibrium spectrum of 

electrons and positrons in interstellar space by considering two kinds 

of source spectra Q +. One of them is from SN exploding in dense cloud- 

lets, which contribute a 10% of the observed nucleons, and the other 

from SN explosion in normal interstellar medium. The equilibrium spec- 

trum is obtained by solving the equation. 


dJ + 
e- 

dt 


_ 9 _ 

9 E 


dE + 

< J e ± -5T> + B„± 


( 1 ) 


in which T (E) is taken to be T Q E ^ , and T Q is varied to obtain a good 
fit to the data. We have plotted in the lower part of Fig. 2, the obser- 
ved flux values from recent experiments [13-15] . The solid curve is 
the calculated spectrum using a value of T 0 = 2x10® yrs. This value of 
T 0 is inconsistent with 1.4x10 3 * * * 7 * yrs obtained from 10 Be data at low ener- 
gies [16]. We have also shown the calculated equilibrium spectrum for 
3 = 2.75 [17] with T = 5xl0 6 yrs, which is consistent with the observed 
value within errors. 


Making use of the same value of T Q obtained from the study of elec- 
trons, we have calculated the equilibrium spectrum of positrons. This 
spectrum is shown in the upper part of Fig. 2 by solid curves. The two 
curves A and B correspond to magnetic fields in the dense cloudlets 
assuming that the field strength scales as (B Q /n H ) with B Q = 4 and 
8 yG respectively. It is clear that the observed spectrum [18] is not 
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in agreement with the calculations. If one reduces the value of B Q or 
T q , the deviation from the data would increase further. We have also 
shown the calculated positron spectrum for g = 2.75 [18] and one notices 
a good agreement with the observation. 

4. Discussion. Many difficulties associated with the energy dependent 
confinement model have been pointed out earlier [19] . They include power 
requirement , streaming velocity at high energies and the smooth spectral 
shape extending to very high energies. We have shown here that, though 
the expected luminosity distribution of sources is not in conflict with 
the Cos-B data, the observed spectral hardening of Y~ray sources is not 
in agreement with the expectation. Secondly, the observed electron spec- 
trum is clearly in conflict with the expectation [13] . Thirdly, the 
model predicts too large a flux of positrons. The above conclusions are 
further strengthened if the value of 6 is indeed 0.7 [2], 

The analysis made here is based on the hypothesis that antiprotons 
are produced in sources as secondary particles. However, if p comes 
from external galaxies [20] , one may perhaps circumvent the present in- 
consistencies. However, it has been shown by Stephens [21] from a study 
of muon charge ratio at sea level that the extragalactic hypothesis and 
energy dependent confinement model cannot co-exist. 
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ANTIPARTICLES IN THE EXTRAGALACTIC COSMIC RADIATION 

F.W. Stecker 

Laboratory for High Energy Astrophysics 
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Greenbelt, Maryland, U.S.A. 

and 

A.W. Wolfendale 
Physics Department 
University of Durham 
Durham, U.K. 

ABSTRACT 

It may be possible to account for a previously puzzling feature - a 
"bump" in the energy range 10 14 -10 15 eV - of the cosmic ray spectrum by 
hypothesizing a primary extragalactic origin for the bulk of the 
observed cosmic ray antiprotons, although such an explanation is not 
unique. In this model, most of the cosmic rays above 10 15 eV are 
extragalactic. We describe a method of testing this hypothesis 
experimental ly. 

1. Introduction . One of the most fundamental questions in cosmology is 
the question of the existence of antimatter in significant quantities in 
the universe. Does antimatter play an equal role with matter in the 
makeup of the galaxies? This question has now become a question of 
fundamental importance to physics as well. In the contemporary paradigm 
of grand unified gauge theories it is related to the question of the 
nature of CP violation at high energies (1,2). Recent theoretical work 
based on the concepts of grand unified theories has resulted in the 
development of a plausible baryon-antibaryon domain theory in which 
matter and antimatter are created in separate regions of survivable size 
to begin with (3-5). Various observational aspects of this theory have 
been previously discussed (6,7) and the subject of baryon symmetric 
cosmology has been recently reviewed elsewhere (8,9). 

2. Primary Antimatter. The present status of cosmic ray anti proton 
measurements and the attempts to understand them have been recently 
reviewed (10) and an exegesis of the primary extragalactic origin 
hypothesis has also been recently given (11). We will discuss further 
implications of potential basic import to cosmic ray research here and 
we will also propose an experimental search program based on these 
considerations. We start with the hypothesis that the baryon symmetric 
domain cosmology leads to a flux of extragalactic cosmic rays consisting 
of roughly equal amounts of protons and anti protons with the sources of 
these cosmic rays being primarily active galaxies (12) and with helium 
and antihelium nuclei being supressed by destruction processes in these 
sources (11). We assume that the galactic wind is too weak to keep out 
the extragalactic cosmic radiation. Observations favor the 
interpretation that the galactic wind is in reality a "breeze" (13). 

The measured spectrum of cosmic radiation can be represented by a power 
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law in energy of the form KE" r with the spectral index r = 2.75 for 
several decades above the 10 GeV energy level. It appears likely that 
this radiation is produced primarily in galactic sources (14,15). 
Furthermore, the source spectrum of this radiation is expected to have a 
lower spectral index r $ than that observed at the earth which has been 
steepened by energy dependent propagation effects. A value for F s of 
approximately 2.0 to 2.2 appears to be likely for two reasons. (A) 
Measurements of the ratio of secondary to primary nuclei in the cosmic 
radiation suggest that the mean lifetime in the Galaxy owing to trapping 
by the tangled galactic magnetic fields falls with energy as E -6 where 
the most recently derived value (16) of 6 = 0.7. (B) The theoretical 

shock acceleration models for cosmic ray production currently favored 
(17) generally yield production spectra with r g close to 2. 



If we assume that there exists a 
general acceleration mechanism 
for generating cosmic rays which 
acts in both galactic and extra- 
galactic sources to give a univ- 
ersal source spectrum with r « 
2, as is now thought to be the 
case with shock acceleration, 
then the extragalacti c cosmic 
ray component should reflect 
this source spectrum. Thus, 
with the antiprotons assumed to 
be both primary and extragalac- 
tic and the bulk of the protons 
to be galactic, the expected 
ratio of anti protons to protons 
should increase with energy as 


T(p) (GeV) 


Figure 1. Observations and theoretical p/p ratios as a function of 
kinetic energy. The data points are from Refs. (18-20). The theoretical 
curves take account of solar modulation effects. 


Taking 6 =* 0.7, antiprotons could make up approximately one per cent of 

the cosmic ray flux at an energy of = 500 GeV and even ~ 50 per cent at 

higher energies. This has important observational implications (see 
section 3). The situation is indicated in Figure 1 which shows the 
present data on p/p ratios as a function of kinetic energy and the 
theoretical curve corresponding to a primary extragal acti c anti proton 
flux. Solar modulation flattens the theoretical curve at low 

energies. Additional secondary production of antiprotons (as shown) is 
relatively unimportant. It can be seen that the theoretical curve for 
the extragalactic primary _ori gin hypothesis provides an encouragingly 
good fit to the present p data. Thus, our hypothesis has possible 
observational support. 

Figure 2 shows the effect of extrapolating the extragalactic intensity 
of both protons and antiprotons (this introduces a factor of two) with a 
spectral index of 2 to higher energies and superposing it on the 

galactic cosmic ray spectrum with index r = 2.75. Note that such an 
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extrapolation implies that the extragalactic and galactic cosmic ray 
fluxes become comparable at an energy of about 1C£ GeV and that extra- 
galactic particles predominate above this energy. It is interesting 
that the resultant flattening in the spectrum occurs at this particular 
energy where there have been claims (22) of a flattening in the cosmic 
ray spectrum as inferred from measurements of extensive air showers. A 
steepening in the spectra of both the galactic and extragalactic compon- 
ents would be required by the observations for energies above 1(£ GeV. 
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3. Experimental 
model 


Tests . Since our 

indicates that the antiproton- 
to-proton ratio which should increase 
with energy, measurements of the sign 
of the charges of cosmic rays at the 
highest practical energy and the det- 
ermination of the spectra of the var- 
ious charged components of the cosmic 
radiation up to that energy will 
provide a test of our hypothesis as 
well as the black hole hypothesis (21) 
and the photino hypothesis (Cf. Fig. 1 
here with Fig. 2 of paper OG 6.1-9). 
Such a test requires the placement of 
the experiment above the atmosphere so 
that the incoming cosmic ray nuclei 
can be measured directly. Further- 
more, the sign of their charges (and 
magnitude) may be measured by use of a 
superconducting magnet. A detector of 


Figure 2. The effect of extragalactic primary protons and antiprotons 
on the total cosmic-ray spectrum according to the model discussed in the 
text. It can be seen that this model may account for the putative 
flattening in the observed cosmic ray spectrum near 10 14 eV. 

this type, with an attainable energy of about 500 to 1000 GeV, could be 
flown aboard a space shuttle (23,24). In addition, an emulsion stack 
experiment could be flown on a high altitude balloon or on the space 
shuttle to look for anti helium nuclei, even at the reduced level implied 
by our hypothesis. A polar orbit would be desirable to avoid the 
geomagnetic cutoff. In view of the almost impossible odds of creating a 
secondary 4 He anti nucleus, the unambiguous detection of even one such 
particle would provide irrefutable evidence of primary cosmic ray 
antimatter. (The observed low-energy antiprotons in the cosmic 
radiation are also quite difficult to explain as secondaries from 
cosmic-ray interactions.) 

If the p/p ratio is observed to continue to increase as E° * 7 or 
thereabouts at higher energies, then our hypothesis of extragalactic 
antiprotons from antimatter galaxies will have very strong support. 
This would rule out the photino and black hole hypotheses. The 
observation of anti helium nuclei would, as already mentioned, provide 
certainty. The extent to which non-observation of anti helium disproves 
our hypothesis is unclear, but if d/ a << l(j (the value expected very 
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approximately on the basis of a's leaking from "normal" antimatter 
galaxies) then the difficulty would be severe. 

The authors would like to thank Dr. Jonathan Ormes for helpful 
discussions. 
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ABSTRACT 

We consider the physics of the annihilation of photinos (y ) as a func- 
tion of mass in detail, in order to obtain the energy spectra of the 
cosmic-ray p's produced under the assumption that y's make up the miss- 
ing mass in the galactic halo. We then compare the modulated spectrum 
at 1 a.u. with the cosmic-ray p data. A very intriguing fit is obtained 
to all of the present p up to 13.4 GeV data for m — 15 GeV. We predict 
a cutoff in the p spectrum at E = m~ above which Y only a small flux from 
secondary production should remain. Y 

1. Introduction. It has recently been suggested (1) that annihilation 
from a dark matter halo made up of 3 GeV y's may account for the supris- 
ingly large low-energy p flux reported in Ref. 2. Other interest -.sg 
possibilities exist for producing such fluxes which are also of poten- 
tial cosmological and astrophysical importance (e.g. Ref. 3 and OG 6.1- 
8). The photino hypothesis also affords a test for whether we live in a 
universe where supersymmetry (boson-fermi on~ symmetry) is relevant. 
Indeed, measurements of cosmic-ray p's from y annihilation can enable 
the cosmic-ray physicist to determine the mass of the y. This, however, 
requires a calculation of the energy spectrum of cosmic-ray p's produced 
in y annihilation and p's and modulation of this spectrum in order to 
directly compare with observed fluxes. We present here the results of 
such a calculation. 

2, Photino (and Higgsino) Physics. Supersymmetry is a relatively new 
principle in particle physics which has been invoked to account for the 
"smallness" of the W-boson mass (compared with the grand unification 
scale) and possibly to incorporate gravity into a unified field theory. 
According to this principle, each ordinary boson and fermion has a 
supersymmetric partner and the lightest supersymmetric particle (LSP) 
should be stable. A prime candidate for the LSP isjihe^ (or, more 
generally, a possible mass state admixture of they (having gauge 
interactions) and neutral higgsino (having Yukawa interactions)). If 
such a stable particle is made in the early big-bang, it becomes a 
candidate for the dark matter in the universe (along with other 
possibilities such as massive neutrinos, axions, black holes, etc.). 
The mass density of such particles in the universe scales inversely with 
the annihilation cross section times velocity <av>. A value near the 
critical density can be obtained by choosing a reasonable value for the 
prime unknown parameter involved in the calculation (4,5), viz., the 
mass of the scalar fermion which mediates the annihilation, m~. For two 
particular values for they mass, m- = 3 GeV, chosen in R&f. 1, and 
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nr- = 20 GeV, we obtain the following formulas for the mass density of 
ph&tinos as a fraction of the closure density: 


“ (J;J) h- 2 (r^/50 GeV) 4 


m- = 3 GeV 

Y 

m- = 20 GeV 

Y 


( 1 ) 


where h is the Hubble constant in units of 100 km s" 1 Mpc -1 . In both 
cases, the mass of the scalar fermion f required to obtain 
ft- = 1 is ~50 GeV, a value which may find some support in interpre- 
ts ions of the monojet events observed at the CERN pp collider (6). 
Photinos of mass much above 20 GeV will not give cosmologically 
significant mass densities. 


The energy spectrum of the p's produced iny annihilations may be 
obtained from studies of quark-jet fragmentation in e + e" collider 
experiments. In these experiments, the fractional energy distribution 
functions obtained for the various secondary particles produced are 
observed to scale with energy (7). We may write 


7 & - 2 - 89 B <r 37> 


( 2 ) 


with the numerical factor in units of yb GeV 2 . Here s is the square of 
the _cms energy, 3 is the relative velocity and x is the ^energy of 
the p expressed as a fraction of the mass of the annihilating y. From an 
analysis of the various experiments found in the literature, we find 
that the p distribution function can be represented as falling between 
upper and lower limits given by 


_ j <8.5 exp (-llx) + 0.25 exp(-2x) 

f- o ■ { 

B ax >7.7 exp (-14. 5x) + 0.17 exp (-2.5x) 
The total annihilation cross section is given by (4) 


(3) 


<*e> “ (4) 

where the f's are the qiwrte ^nd leptons (fermions) produced in the 
annihilation and 3^ = (l-m^/mp ' . 

3. Fluxes from y Annihilation in the Galactic Halo. If we assume that 
the galactic halo mass is made up almost entirely of y's, from rotation 
curve determinations (see,e.g. (8) ) we find that a uniform halo has a 
mass density on average of - 1 GeV/cm 3 within 10 kpc of the galactic 
center. A halo with an isothermal mass distribution would have a mean 
mass density at 10 kpc galactocentric distance of ~ 0.4 GeV/cm 3 . 

Dividing by the photino mass m- then gives the photino number 
density n~. The production rate of ^ntiprotons produced by annihilation 
is Y 


Q(E-) = n^a3cc-f(E~) aifVW 1 , 


(5) 
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where 5- is the number of p's produced in the annihilation (determined 
by m-) Bnd the spectral production function f(E~) is normalized so that 
its integral is unity. The diffusion coefficient for cosmic rays at 10 
kpc (the solar galactocentric distance) in the energy range involved 
(rigidity P in GV) is (9) 

D « 10 26 e P°* 7 cm 2 s _1 (6) 


which implies that the relevant antiprotons diffuse - 100-200 pc in the 
mean lifetime t -5 x 10 14 s determined for the galactic disk in the 
solar neighborhood. The p flux in interstellar space is then 


24 -2 -1 -1 

I- = Qrgc/% = 1.2x10 Q cm s sr GeV 



(7) 

4. Solar modulation. 
Tfie effect ~of solar 7 
modulation is most 
important in the low 

energy range of Ref. 2. 
We have estimated the 

amount of proton modu- 
lation occurring during 
the relevant time period 
of the solar cycle, viz., 
June 1980, based on the 
Pioneer Helios-1 and 
I SEE- 3 data (10). This 
yields expressions for 

the effective diffusion 
coefficient for modula- 
tion by the solar wind. 
The interstellar p 

spectrum may then be 
numerically modulated to 
compare with the 
observations (11). 


Fig. 1 Unmodulated and modulated spectra for 3 GeV and 20 GeV photino 
annihilation compared with data and cosmic-ray secondary production 
spectra (CRS) and modulated CRS (MCRS). 


5. Results. Fig. 1 shows the interstellar and modulated spectra 
obtained for 3 GeV and 20 GeV y masses, compared to the observations 
(2,12,13) and the standard secondary p calculations (14). The spectra 
are normalized to fall near the data points, however, such a fit is well 
within the uncertainty of the flux calculation. Both functions in eq. 
(3) yield similar results. Fig. 2 shows the p/p ratio as a function of 
energy for 3 GeV (A), 15 GeV (B) and 20 GeV (C) photino masses and the 
standard secondary production predictions (D). The data are from Refs. 
2, 12, and 13. 


There may be some evidence for a ~15 GeV photino mass cutoff in the 
highest data point. In any case, it is clear that (1) photino masses of 
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this order yield an annihilation spectrum with a shape and possible flux 



that fits all of the 
present data on cosmic- 
ray p's , and 2) owing to 
the kinematic cutoff in 
the annihilation spect- 
rum, future high energy 
observations (15,16) to 
look for a cutoff in 
the p spectrum can, in 
principle, determine both 
the existence of a 
galactic photino halo and 
the mass of the photino 
itsel f . 
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Fig. 2. p/p as a function of kinetic energy and data. 
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GALACTIC ANTIPROTONS OF 0.2-2 GEV ENERGY 

E. A. Bogomolov, G .1 .Vasilyev, M.G.Iodko, S .Yu.Krut ’ kov, 
N.D.Lubyanaya, V. A. Romanov, S ,V. Stepanov, M.S .Shulakova 

Ioffe Physical -Technical Institute, 

Academy of Sciences of the USSR, Leningrad, USSR. 

ABSTRACT 

Balloon measurements of the galactic antiproton 
flux in the energy range 0.2-2 GeV are presented. 

The experiments were carried out in the summer of 

1984 with magnet spectrometers flown at a residual 

_2 

pressure of ^ 10 g’cm and cut-off rigidity of 
0.6 GV. An upper limit for the antiproton to 
proton flux ratio has been obtained of 

p/p CO. 2-2 GeV) < 5x1 0“ 4 . 

1. Introduction. Detection of antiprotons in the primary 
cosmic radiation in the energy range ~ 0.1-10 GeV [l,2,3j 
and subsequent analysis of the observational data showed 
that the experimental data cannot be accounted for in the 
context of ideas involving antiproton production in the 
interaction of high energy cosmic rays with the interstel- 
lar medium. As a result, hypotheses have appeared invol - 
ving production of antiprotons in compact dense objects^], 
in molecular hydrogen clouds [ 5 ] , in the evaporation of 
primary black holes [6 , and due to possible existence of 

antimatter in the Universe |j7 ] . Since the largest discre- 
pancy between experiment and theory is found to exist in 
the low energy region, it appeared reasonable to carry out 
measurements at a few hundred MeV energy by an independent 
method and to obtain data on the antiproton spectrum in 
the intermediate energy range up to 'v 2 GeV. Our first ex- 
periments in this area have been carried out in the energy 
range 0.2-2 GeV with two magnet spectrometers in the sum- 
mer of 1984 in two balloon flights made in the North at a 
cut-off rigidity of ^ 0.6 GV . 
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2. Method and Instrumentation. Each magnet spectrometer 
( see Figure 1 ) consisted of a deflecting permanent mag- 
net (M) , a spark chamber assembly (SC1-SC4) with optical 
readout, and a telescope made up of scintillation counters 
(SC^ jSCg^C^jSG^fSC^) and a gas Serenkov detector ($) to 
determine the direction of particle arrival and for the ve- 
locity and charge discrimination of particles. The backgro- 
und due to the electrons ( both atmospheric and galactic ) 
and atmospheric muons and pions ( produced primarily in the 
top part of the instrument ) which could simulate traver- 
sal of the instrument by antiprotons was supressed by the 
gas Cerenkov counter ( with a threshold Lorentz factor 
Y" - 3.1 ) with an efficiency > 99 .9 %. The possible simula- 
tion of antiprotons by albedo protons was eliminated by 
a time-of-flight analysis of the incident particles. The 
expected background in the experiment could simulate anti- 
protons at a level of 
p/p < 3x10“'’. The geo- 
metry factor of the in- 
strument for particle 
momenta > 0.4 GeV/c is 

p 

1.1 cm sr, the average 
line integral-0.68 kGm. 
3. Results. Two balloon 
flights of the two mag- 
net spectrometers have 
been carried out in the 
summer of 1984. The 
flight on 28-30 June 

at a residual pressure 

_2 

of ^ 9 g*cm lasted 
for 26 hrs, and that 
on 30-31 June at a re- 
sidual pressure of 
' v 14 g-cm“^, for 5 hrs. 
About 16.500 events we- 
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Fig.1. A schematic diagram 
of the IPTI Magnet Spectro- 
met er . 
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re recorded altogether. About 30 % of the information, has 
been processed up to now by the selection criteria cho- 
sen [8]. Figure 2 shows the magnetic deflection distribu- 
tion of singly-charged particles recorded in the flights. 


MOMENTUM, SeV/c 



- 4.0 - 3.0 - 2.0 - 1.0 0.0 + 1.0 +• 2.0 + 3.0 + 4.0 


DEFLECTION, c/QeV 


Fig. 2. The deflection distribution of singly-charged 

_2 

particles recorded at v 10 g*cm of residual atmo - 
sphere and cut-off rigidity of v 0.6 GV in 1984. 

The positive deflection region extending from + 0.3 to 
+2.5 (GeV/c) corresponds to galactic protons of 2 to 
0.2 GeV and secondary protons produced in the residual at- 
mosphere. The upper energy limit for the primary protons 
is determined by the effective threshold of the Cerenkov 
counter, and the lower limit, by the actual cut-off rigidi- 
ty. The expected region of detection of galactic and atmo- 
spherically-produced antiprotons corresponds to deflections 
ranging from - 0.3 to - 2.5 (GeV/c}" 1 . The deflections in 
excess of ± 3.0 (GeV/c) -1 are due to atmospherically-pro - 
duced muons. 

A total of ~ 2000 protons were recorded in the energy 
range 0.2-2 GeV. Not a single event was observed in the 
antiproton deflection range. Thus only an upper limit for 
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the p/p ratio has been found up to now, namely, 
p/p (0.2-2 GeV) < 5x1 0" 4 . 

While the measured upper limit for the p/p ratio is close 
to the expected value p/p ~ (2-4)x10 -4 for the energy ran- 
ge 0.2-2 GeV ^3,8 J , no definite conclusions can yet he 
drawn. Further analysis of the available data and new ex- 
periments planned for the summer of 1985 will hopefully im- 
prove the statistical significance of the results obtained. 
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EVIDENCE FOR A DYNAMICAL HALO AROUND THE EDGE-ON GALAXY NGC 4631 
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2 ) Max-Planck-Institut fur Radioastronomie 
Auf dem Hugel 69, 5300 Bonn 1, FRG 


ABSTRACT 

Radio continuum observations at five frequencies between 
327 MHz and 10.7 GHz of the edge-on galaxy NGC 4631 con- 
firm the prediction concerning the frequency dependence 
of the halo extent and the spatial variation of the 
radio spectral indices in the dynamical halo model made 
by Lerche and Schlickeiser. The measurements are 
presented, and a detailed comparison with theoretical 
predictions is made. 

1. Introduction . Four years ago we studied the dynamics of cosmic ray 
particles in galaxies in the presence of a large-scale galactic wind 
(Lerche and Schlickeiser 1981a, b; 1982a, b,c — hereinafter referred to as 
LSI, LS2, LS3, LS4, LS5 , respectively). Such a wind gives rise to con- 
vection and adiabatic deceleration of particles during their transport, 
adding to the well established diffusion in partially random magnetic 
fields and energy loss interactions with ambient matter, magnetic and 
radiation fields. We pointed out that due to these additional transport 
terms in particular the spectral behaviour of radio haloes in galaxies 
caused by synchrotron radiation of relativistic electrons would change at 
lower frequencies V << Vq with 

T div u "1-2 _3 

v n = 1 GHz — (Hi / 4 pG) J (1) 

D LlO - 15 s' 1 J 


where u is the galactic wind speed. Here we compare our predictions with 
recent observations of the edge-on galaxy NGC 4631 by Werner (1984, 1985) 
and Sukumar and Velusamy (1985). 


2. Predicted and Measured Radio Emission in the Dynamical Halo Model. 

In LS4 we solved the steady-state transport equation describing the 
propagation of relativistic electrons, injected with a power law energy 
distribution « E~P in the galactic disk (z = 0) , perpendicular to the ga- 
lactic plane with ("dynamical halo") and without ("static halo") a ga- 
lactic wind starting with zero velocity in the plane and streaming away 
from the disk. For both alternatives we predicted remarkable and measur- 
able differences in the behaviour of the total integrated radio flux 
density I(v), the size E(v) of the halo perpendicular to the galactic 
plane at different frequencies, and the spatial variation of the synchro- 
tron spectral index 5(z) in different ranges of frequency (S(v) « v~°). 


These differences occur at frequencies smaller than V D , which cor- 
responds to that electron energy where the energy loss against adiabatic 
deceleration (dE/dt = -1/3 div u • E) equals that for radiation losses 
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(dE/dt = - b r (H 2 /8 tt) E 2 ). At frequencies larger than V D both models 
predict the same. Consider each quantity in turn: 

(a) Inclusion of a galactic wind in the transport equation implies a 

break of I(v) around Vq from a )/2_b e h avaour at ^ ow frequencies 

(v « Vq) to a V P' -behaviour at high frequencies (v >> V D ) , i.e. a 
change in spectral index by AF = 0.5. We noted before (LS3) that 
NGC 4631 indeed shows this property. In the case of the static model 
no break is found and the V“P/^-behaviour holds for all frequencies. 

(b) In the static model the size of the halo increases with decreasing 

frequency, i.e. E s (v) °= ^ where parameter a describes the 

power law dependence of the particle's diffusion coefficient (D(E) = 
D Q E a ) . In the dynamical model we find that at frequencies smaller 
than Vp, Ej(v) « v a/ ^, whereas at high frequencies V>V D , E^(v) = 

E s (v) . Figure 1 shows the measured frequency dependence of the halo 
extent at four different intensity levels for NGC 4631 by Werner 
(1985). In agreement with our predictions of the dynamical model 
the extent of the halo does not increase at frequencies less than 
1.4 GHz. On the 5% intensity level Werner (1985) finds a dependence 
E(v) a at f re 9 ue ncies below 4750 MHz, and a variation of 

E(v) ^ V ‘ between 4750 and 10700 MHz. The inferred value for 

a = 0.6 ±0.4 is in good agreement with the value a = 0.6 ±0.2 
(Schlickeiser 1983) from studies of the cosmic ray nucleon propaga- 
tion in our Galaxy. 

(c) Figure 2 shows the behaviour of the spectral index gradients in the 
two models as predicted four years ago (LS2). At high frequencies 
V>V D , 6(z) agrees in both models, whereas there are striking dif- 
ferences at lower frequencies, V < Vg. In the galactic plane (z = 0) , 
<5 d (z=0) is by 0.25 smaller than 6 g (z = 0) . This difference may be 
doubled (0.50) if instead of the infinitely thin line source of 
electrons at z=0 an extended source distribution is taken (LS5, 
Lerche and Schlickeiser 1985). With increasing height 5 d (z) first 
slightly decreases before a sharp increase occurs. On the other 
hand, 6 s (z) increases gradually with increasing height. 

These predictions can be compared with the variation of the radio 
spectral indices as a function of height above the plane measured in NGC 
4631 by Sukumar and Velusamy (1985), and shown in Figure 3. The excel- 
lent agreement with the predictions of the dynamical model in Figure 2 
is apparent. The high-frequency (610-1412 MHz) index shows a gradual 
steepening with z, as expected for the electron spectrum evolution due to 
synchrotron losses. The low-frequency (327-610 MHz) index flattens with 
increasing z (up to about 3 kpc) and then steepens with height, as 
predicted. The difference A6 between the high- and low-frequency spec- 
tral indices near the plane (at z = 0) is 0.35, well within the theo- 
retical range from 0.25-0.5. Similar results have been obtained by 
Werner (1984) who compared spectral indices derived from measurements at 
608.5, 1412, 4750 and 10700 MHz. He also proved that the radio halo 
emission is synchrotron radiation by measuring the linear polarization. 

3. Conclusions. The radio measurements of Werner (1984, 1985) and 
Sukumar and Velusamy (1985) of the external edge-on galaxy NGC 4631 con- 



368 


OG 6.2-1 



Fig. 1 : Frequency dependence of the halo size of NGC 4631 at different 
intensity levels (from Werner 1985) 



0 12 3 4 

GALACTIC HEIGHT 2 (ARBITRARY UHITSI 


Fig. 2: Predicted variation of the 
synchrotron spectral index for small 
(v « Vp) and large (v >> V D ) frequen- 
cies in the static (s) and dynamical 
(d) model, p is the spectral index 
of injected electrons (« E~P) in the 
plane z = 0; a the assumed power law 
dependence of the diffusion coeffi- 
cient (D 11 E a ) on the energy of rela- 
tivistic electrons (from Lerche and 
Schlickeiser 1981b). 


NGC 4631 



Z Ikpcl 


Fig. 3: Measured variation 
of the radio spectral index 
as a function of height 
above the plane in NGC 4631: 

(a) ot ( 6 1 0 - 1412 MHz) , 

(b) a(327 - 610 MHz) 

(from Sukumar and Velusamy 
1985) 
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firmed the predictions of LS (1981, 1982) on the spectral behaviour of 
its radio halo in the presence of a large-scale galactic wind. This is 
unambiguous evidence for the existence of large-scale convective motion 
of matter from the disk into the halo region in NGC 4631 . Since NGC 
4631 is morphologically similar to our Galaxy, conclusions drawn for 
NGC 4631 also apply to our Galaxy. 
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HALO OF N GO 4631 AND MODELS OF COSMIC-RAY TRANSPORT 
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ABSTRACT 


The halo of edge-on spiral galaxy of NG3 4631 is 
studied from 327 MHz to 10700 MHz to delineate 
the models of cosmic-ray transport. Preliminary 
studies show that the spectral steepening as a 
function of height above the plane can be under- 
stood in terms of the simplest cosmic-ray 
transport models, viz. simple isotropic diffusion 
in an infinite medium. More detailed study will 
be presented at the time of the conference. 

1. Motivation . Twenty-seven years ago, Ginzburg in his 
classic paper emphasized the importance of the study of 
galactic halos in understanding the modes of cosmic ray 
transport and acceleration [l]. Despite his continued 
insistence [see for example ref. 2] the observational 
status is progressing rather slowly. As emphasized by 
Ginzburg spiral galaxies seen edge-on are ideal for the 
study of the distribution of matter, cosmic rays and magne- 
tic fields in the halo. Only recently, radio maps of 
spiral galaxies with adequate resolution and sensitivity at 
different frequencies have become available [3-6], We would 
like to focus our attention on NG3 4631 which is a nearly 
■edge-on Sc-spiral subtending more than 15 arc min along the 
major axis. Special efforts were made to map this source 
at 327 MHz by using the Ooty Synthesis Radio Telescope [7-8]. 
The importance of having a good map at such low frequencies 
are two fold : first, since the lower energy electrons are 
expected to suffer smaller synchrotron and Compton losses 
they can be transported to great distances efficiently so 
that the outer extent of the halo can be better delineated; 
second, the low frequency observations when combined with 
the earlier observations at 610 MHz and 1412 MHz can be 
used to study the variations in the spectral index of the 
halo as a function of scale height above the galactic plane. 
The map obtained with OSRT [8] is reproduced in figure 1. 
Since the distance of the galaxy is 5.2 Mpc [9] each 
arc minute corresponds to a length of 1.5 kpc. Notice 
that the halo extends up to 7.5 kpc radius and the aspect 
ratio at- 50 mJy is £ 2. 

In contrast with the rather limited observational data 
on halos, the theoretical s tudies on cosmic-ray propagation 
have become very complex and sophisticated. Recently Lerche 
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Fig.l Overlay of ORST map of NGC 4631 at 327 MHz with a 
resolution of 60 x 60 arcsec 2 , on a Palomar Sky 
Survey print. The first four contours are at 7.5, 

15, 30, 45 and then increasing with contour inter- 
val of 30 mlv per beam. Negative contours are dashed. 
Courtesy-*60 National Geographic Soc.-Palomar Sky 
Survey. 

and Schlickeiser [10] have published solutions to the 
propagation equations including a variety of processes 
like energy-dependent diffusion, convection, adiabatic 
deceleration, radiative losses and so forth. In principle 
one would be able to compare the predictions of such 
theories with observations to assess the importance of the 
various physical processes that are operative in the 
source. The number of parameters that are needed to 
specify the theoretical models are quite large, especially 
when we include those needed to specify the distribution 
of the sources of cosmic-ray electrons and protons which 
in interactions with the gas will generate secondary 
positrons and electrons. Because of this a very many 
different set of parameters can give an adequate fit to the 
data and we would not have gained much understanding. 

Keeping in mind these points we start with the simplest 
possible transport theories and see to what extent the 
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observations can be explained. If there be any unexplained 
feature we would progressively make the models more sophi- 
sticated. At the time of writing this only a very prelimi- 
nary study has been completed? we present the results of 
this study here and further developments would be presented 
at the time of the conference. 

2. The Simplest Model for Galactic Halos . Consider a 
distribution of sources of cosmic-ray protons and electrons 
(assumed to be identical) embedded in an infinite diffusion 
medium which is homogeneous and isotropic. The radiative 
losses suffered by the electrons during transport is taken 
to be independent of position. The transport of protons is 
independent of energy. Thus the most general transport 
kernel p (r, r* , E, E*, tl, t2) simplifies for protons to 

p(r,t) = [2* 1 / 2 (Kt) 3 / 2 ]" 1 exp (-r 2 / 4Kt) (1) 

Here r * |r - r' |, t * [t-t*], K is the diffusion constant 
and p is defined for an unit source strenght per unit volume 
per unit energy interval and per steradian. Under condi- 
tions of steady state the kernel integrates to 

l*(r) = [Kr]" 1 (2) 

The spatial part of the source distribution is taken to be 
the same for both the proton and the electron components. 

N(r')^/ exp - (w'/w 0 + | z * |/z o ) (3) 

where axial symmetry is assumed and b>, 2 , (and 0) are the 
cylindrical co-ordinates. Now the spectral density of 
cosmic-ray protons is written as 

s p ~ / N p (r'.E) ( K |r - r'l) -1 d 3 r> (4) 

The source function for the secondary electrons and posi- 
trons is proportional to the product of the gas density 
G(r) and the spectral density of protons 

N sec (E ’ r) S p (E‘,r) G(r) dE» (5) 

where o(E',E) is the cross-section per particle of energy 
E’ colliding with a gas atom to generate an electron or 
positron per unit energy interval at E through the decay of 
the secondary mesons and muons etc. The gas density G(r) 
is taken to be 

G(r) ~ G q exp - (w/w g +|z|/z g ) (6) 

The spectral density of primary and secondary electrons at 
r are now given by 
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s -/V(EVr*) |a(E,E' , | r-r ' | , t) dE' dt 
e o e 


( 7 ) 


sec 


/ N sec (E’,r>) u(E,E',|r-r'|,t) dE' dt 


( 8 ) 


with obvious notation. In the simplified model of cosmic 
rav transport considered here the kernal \i in equations ( 7 ), 
(8; is given simply by 

-1 


p(S',E,r,t) = & (E'~ T -^)[2u 1 / 2 (Kt) 3/2 


] exp-(r /4Kt ) 


(9) 


NGC 4631 


with b repre- 
senting the 
rate of energy 
loss of an 
electron of unit 
energy. The 
function allows 
easy integration 
of eguations(7) 
and (8). We 
compare in Fig. 2 
the expected 
variation of the 
spectral index 
at 1000 MHz 
with the obser- 
ved variation 
with z. One sees 
that even this 
simple model 
gives a reason- 
able representa- Fig. 2. Spectral index variation along 

tion of the Z direction. Observed points 

observations. circled; solid line indicates 

model fit. 
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i*. Introduction.. We report here the positron data gathered 
in conjunction with electron data published elsewhere (1). 
The basic recognition scheme was to look for low-mass 

positive particles that cause a cascade in a 7 radiation 
length shower counter. The mass criteria is imposed by 

selecting particles that were accompanied by Cherenkov light 
but whose rigidity was below the proton Cherenkov threshold. 
Thus the proton Cherenkov threshold represents an upper limit 
to the range of the experiment. 

2._ The Apparatus^ The principal detector elements are (from 
top to bottom): a gas Cherenkov detector (G); plastic 

sci nti 1 1 ators SI and S2; 8 multiwire proportional counters (MI- 

MS); and a 1 ead-sci nt i 1 1 ator shower counter comprised of 7 
layers. Each layer of the shower counter consisted of 1 
scintillator and 1 radiation length of lead (P1-P7) . The 
multiwire proportional counters (MWPC) were arranged in three 
pairs located at the top, middle and bottom of the spectrometer 
with the remaining two chambers located at the i/4 and 3/4 points 
in the spectrometer stack. All phototubes were pulse-height 
analyzed, 8 measurements were made of the particle position on 
the x axis (axis of deflection), and 5 measurements were made 
on the y axis. Data readout was initiated for every occurence 

of an S1*P1*P7 coincidence. The geometric factor of the 

instrument was 324t5 cm^2-str and the live time fraction was 
0.80. The data were gathered on a balloon flight from 
Palestine Texas on May 20,1976. The data gathering period was 

6.4 x 10~4 seconds at an average altitude correspondi ng to 5.8 
gnt#cm A -2. 


•Si. Data Analyses.. Selection of the positrons started with 
using the same criteria used for the e-: 

1) MWPC data. There must be at least 5 valid MWPC readouts 
for the X coordinate, and 3 valid readouts for the Y axis. The 
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reconstructed trajectory must -fit to a valid, continuous track 
with a chi— squared of less than 50 in the x axis and 30 in the 
Y axis. And finally, one MWPC from each of the pairs have 
valid readouts. 

2) Charge. The average of the pulse-heights for 
scinti 1 lators SI and S2 correspond to less than 1.8 I„ where I„ is 
the pulse— height for a Z=1 , ^=1 vertically incident particle. 

3) Cherenkov Detector. The Cherenkov detector be above a 
discriminator level corresponding to 0.25 photo-electrons. 

4) Shower Counter. The sum of the shower— counter pulse- 
heights correspond to at least 50 I„ 

Criteria 1 differs slightly from that used in (1). The old 
MWPC criteria required that the bottom MWPC pair both have valid 
readouts. This was replaced with the criterion that each pair 
must have a valid readout. It was found that the revised 
criterion has a 13X higher efficiency without any degredation of 
resolution. 

The criteria 1-4 yield a sample which is roughly 807. protons 
and 20 7 positrons. The main source of background is the high 
noise level in the Cherenkov detector.In order to reduce the 
background we require a minimum Cherenkov pulse— height 
corresponding to about 1 photoelectron. The Cherenkov mirror 
was divided into 4— quadrants, each viewed by a separate 
phototube. Phototubes from opposite quadrants were summed 
before digitization. Trajectory analysis was used to determine 
which quadrant pair should have registered the light. It was 
demanded that the correct pair have at least the minimum pulse- 
height, and the other pair have less than the minimum pulse 
height. This selection is called criterion 5. Application of 
these criteria to the e— sample revealed that 937. passed the 
test, and an estimated 757 of the remaining protons were 
rejected . 

The next criterion was to examine the shower counter output. 
Each set of PI— P7 outputs was fitted to the hypothesis that 
there was an electromagnetic cascade. The starting point 
and energy of the shower were used as unconstrained 
variables in the fit. Criterion 6 was that the shower fit 
have a chi-square of less than 10. Once again it was observed 
that 937 of the e— pass this test, and in this case about 307. of 
the remaining protons were rejected. 

Figure la shows the deflection (1/rigidity) spectrum of the 
events selected by criteria 1—4. We have include both positive 
and negative deflections (correspondi ng to positive and negative 
charged particles). The peak near zero deflection is due 
to protons above Cherenkov threshold. The gradual rise 
with increasing positive deflection is due to the 
combination of positrons and protons accompanied by an 
accidental G pulse. The decline above 0.2 c/GV is due to the 
geomagnetic cutoff. The events to the left of zero deflection 
are the e— . Note that the corresponding geomagnetic cutoff 
is smeared due to bremsstrahl ung losses. Figures lb and 
lc show the progressive effects of criteria 5 and 6. The peak 
due to protons above Cherenkov threshold is broadened by 
the finite resolution of the rigidity resolution. We have 
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chosen the upper limit for the experiment to be 0.04 c/GV which 
is 1.5 standard deviations below the proton Cherenkov 
threshold. With this restriction it is possible to generate a 
sample of protons by applying the e+ selection criteria except 
demanding that no G pulse occur. Given this sample of protons, 
and the e- it is possible to perform quantitative evaluations of 
the remaining background in the e+ sample. 


Figure 1 
Effects of 
Posi tron 
Sel ecti on 
Cri teri a 



The starting point distributions for protons, e- and our 
candidate sample of e+ will be shown at the conference. The e- 
distributions are peaked sharply at about +1 radiation length. 
This is as expected for electrons (and positrons) except 
that the peak is slightly offset due to an arbitrary factor 
in the shower fitting program. The proton distributions 
reflect a basically flat interaction probability biased by the 
criteria that there be at least a 50 I 0 shower sum. The e+ 
candidates show that the sample is comprised of mostly electron- 
like events with a small admixture of protons except at high 
energies, where the proton component dominates. 

A background subtraction was made on the assumption that all 
e+ would have starting points between +3.5X„ and -2.5X 0 . If 
one counts events outside this region in the proton 
distributions, one can form a background multiplication 
factor M = (total protons) / (protons outside the electron 
starting point limits). Each rigidity interval is then 
analyzed and the number of e+ is determined by the formula 
#e+ = (^candidates inside 1 i mi ts ) — M* ( #candi dates outside limits). 
Table 1 gives some of the details of the background subtraction 
process for e+. Table 1 also gives the number of e- determined 
by applying criteria 1-6 and performing a similar background 
subtract i on . 


Table 1. Background subtractions 


deflection 

c/GV 

G + 

cri t 

1-6 

Proton 

bkgrnd 

Atmos 

bkgrnd 

e+ w/o 
bkgrnd 

e— w/o 
bkgrnd 

0.04-0.08 

74 i 

15 

69.6 ± 

19.5 

2.8 

1.6 + 

16.5 

132 ± 15 

0.08-0. 12 

51 

10 

41.5 

13. 8 

4.7 

4.8 

12. 0 

304 18 

0. 12-0. 16 

60 

6 

22.3 

9. 4 

7. 1 

30.6 

10.2 

377 18 

0. 16-0.20 

55 

5 

19. 2 

8.8 

8. 1 

27.7 

9.9 

412 21 

0.20-0.24 

54 

i 

3.8 

3.8 

10.8 

39.4 

8.5 

268 17 

0.24-0.28 

28 

0 

0.0 

4.3 

13.3 

14.7 

7.3 

137 13 


4-_ Results.. Reference 1 contains the details of 

exposure factors (solid angle x area x time x efficiency) 
e- during the flight. The exposure factors for the 


the 

for 

e+ 
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observation are obtained by using the e- data in the rightmost 
column in Table 1. The ratio of e- in Table 1 to the number 
in <1) gives a correction to the exposure factor reported in 
(1). Table 2 gives the computed exposure factors and fluxes. 
Reference 1 gives a detailed discussion of the corrections for 
geomagnetic cutoff, solar modul ati on^ and bremsstrahlung energy 
losses. In (1) a mean ISM energy ( E ) , an equivalent bin width 
( A E ) and a propagation efficiency (p) are computed for each 
deflection interval in Table 1. These factors are also given in 
table 2. 

Table 2 Positron Flux Calculations 


21.7 
13. 1 

9. 39 
7. 37 
6. 08 
5. 19 


e+ 


counts 


1.6* 16.5 
4.8* 12.0 
30.6* 10.2 




0.01 t 0. 12 
0.02 l 0.04 
0.08 ± 0.02 
O. 06 t 0. 02 
O. 13 t 0. 03 
0. 10 t 0.05 


cm A 2 
-stf — sec 

408 £ 

23 

463 * 

12 

480 ♦- 

13 

501 * 

13 

557 * 

13 

588 * 

13 



1.05 14.5 (0. 312. 7) E— 3 
1.02 5.13 (0. 2*0. 5) E— 2 
0.99 2.61 0.025*0.008 
0.71 1.57 0.0501 0.018 
0.43 1.02 0.161 » 0 . 035 
0.18 0.750.190*0.094 


Figure 2 shows the fluxes as determined in Table 2, along with 
the results of other observers, and the fluxes predicted for a 
simple leaky box (with energy dependendt leakage) and 7 gm/cm' x 2 
of matter traversed. A least squares fit to the fluxes in table 
2 gives a spectral index of -4. 2*0.6 and an integral flux (above 
5.2 Gev) of (.0. 51t 0. 09) e+/m''2-str-sec-GeV. The chi-square for the 
fit was 2.1. 


ID 

Figure 2^ F- 

Positron Fluxes ' 

\ 

lxl 

it 

• This Work ^ 

+ Buffington et al. <3) ^ 
03 Faneslow et al. (4) 

"X leaky box 7 gm/cm-^2 
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AN OBSERVATION OF COSMIC RAY POSITRONS FROM 10-20 GEV* 

Dietrich Muller + and Jonathan Tang 
Enrico Fermi Institute, University of Chicago 
Illinois 60637 USA. 

ABSTRACT A balloon flight of the University of Chicago 

electron telescope has been performed in Hawaii in April 1984. 
Making use of the east-west asymmetry in the geomagnetic cut-off 
rigidity, we have successfully separated the cosmic-ray positrons 
and negatrons over the range 10-20 GeV. The positron to electron 
ratio, e + /(e + +e~), was measured to be 17%+5%, significantly higher 
than the ratio measured in the 1-10 GeV range by other experiments. 
This increase appears to suggest that either a primary component of 
positrons become significant above 10 GeV, or that the spectrum of 
primary negatrons decreases above 10 GeV more sharply than that of 
secondary positrons. 

INTRODUCTION Cosmic ray electrons consist of both positrons and 

negatrons. Present measurements of the combined positron and negatron 
flux cover energies up to almost 1000 GeV, while data on the charge com- 
position beyond 10 GeV are very scarce. The combined energy spectrum 
exhibits a characteristic steepening around 30 GeV, which is commonly at- 
tributed to radiative energy losses in interstellar space. If interpreted 
in the context of the leaky box model, the steepening is consistent with 
a galactic containment time of 10 7 years, in close agreement with results 
based on measurements of the ,0 Be abundance. However, these interpreta- 
tions of the electron spectrum are usually made under the assumption that 
the source spectrum of electrons follows that of nuclear cosmic rays and 
that the electron flux is dominated by primary negatrons. This assumption 
must be verified by separate measurements of positrons and negatrons: 
Both positrons and negatrons are produced in about equal proportions as 
secondary products of interactions of cosmic ray nuclei with interstellar 
gas. The source spectrum of these secondary particles is directly related 
to the spectrum of parent particles (mostly protons) and can be calcu- 
lated with good accuracy for various propagation models (Orth & 
Buffington, 1976). Any significant excess of negatrons, however, must be 
attributed to primary acceleration in cosmic ray sources. Below 10 GeV, 
such primary negatrons have been found to be the dominant component. 

Most of the existing data on cosmic ray 
positrons come from balloon borne magnet 
spectrometers (Fanselow et al 1 96 9 , Buffington 
el al 1 97 5, Daugherty et al 1 975), but both 
momentum resolution and counting statistics 
have limited the accessible energy range. An 
alternate opportunity to separate positive and 
negative particles is provided by the earth's 
magnetic field. The cut-off rigidity varies 
with the geographic location, the direction of 
incidence of the particle and with the par- 
ticle charge. The cut-off rigidities for 
negatrons at Hawaii are shown in figure 1. 

*Supported, in part, by NASA grant NSG-7464. 

Also Department of Physics. 


NORTH 



Fig. 1 View of Sky , Hawaii 
contors of negatron cutoff rigidities 
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For positrons, east and west exchange roles. Therefore, there exists a 
range of energies and directions for which, for a given geographic loca- 
tion, the earth's field transmits only particles of one polarity. The 
utilization of this effect was pioneered by Daniel and Stephens 
(1965, 1967). However, the first measurements (Anand et al, 1969; Agrinier 
el al, 196 9) were severely limited due to insufficient statistics and 
systematic uncertainties. 

In April 1984, we have performed a balloon flight from Hawaii using 
our electron telescope to separate negatrons and positrons in the range 
10-20 GeV. The flight had a duration of 11 hours at a float altitude cor- 
responding to 4 gm/cm* residual atmosphere in the vertical. The 
following describes our measurement. 


INSTRUMENTATION This instrument has been described previously in 

detail (Tang, 1984). Here we just summarize the main features: The in- 
strument is2an electronic counter telescope with a geometric factor of 
about O.lni sterad. For each particle traversing the detector, the fol- 
lowing quantities are measured: (1) the charge number |z| with a plastic 
scintillator, (2) the trajectory through the instrument with a multiwire 
proportional chamber hodoscope, (3) the direction of traversal with a 
time-of-f light measurement, (4) the transition radiation emitted by 
electrons (but not protons) in a 6-layer transition radiation detector, 
and (5) the electromagnetic cascades produced in a 9 layer lead- 
scintillator shower detector of 18.5 radiation length depth. These 
cascades are characteristic for electrons and measure the electron energy 
with aE/E«8%. 

During the balloon flight, the instrument has been suspended with 
its axis inclined by 30 degrees against the vertical. The orientation of 
the gondola was measured with magnetometers, and, through the use of a 
commandable torque motor, the instrument could be oriented towards the 
west (to observe positrons) or towards the east (for a control measure- 
ment of negatrons). To determine the cut-off rigidities (shown in fig.l), 
we use the predictions of Shea and Smart (1974), and we note that cosmic 
ray measurements of Jordan and Meyer (1983) have been in agreement with 
these predictions. 

ANALYSIS & RESULTS Electrons are selected from the data set ac- 

cording to procedures described in detail in our earlier work 
(Tang, 1984). Due to the combination of a deep shower detector with a 
transition radiation detector, our instrument is capable of rejecting 
protons with the required rejection power of 10 . The residual proton 
contamination to our results is indicated in table 1. After applying the 
appropriate corrections for inefficiencies of individual detector ele- 
ments, for the area-exposure time, and for energy losses in the 
residual atmosphere above the detector, we obtain the electron fluxes, 
grouped according to directions of incidence from EAST, and from WEST. 

The measured EAST and WEST electron spectra are shown in Figure 2. 
They exhibit a clear east/west asymmetry between 10 to 20 GeV while show- 
ing the same flux at other energies. Cutoffs at 11 GeV (east) and 22 GeV 
(west) agree well with negatron cut-off calculations, which use codes by 
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Shea and Smart (1974). Each 
spectrum can be analyzed as a 
composite of ( i) atmospheric 2 
secondary electrons, (ii) 
secondary electrons that ap- 1 
pear as reentrant albedo 
particles, (iii) galactic v 05 
negatrons, and (iv) galactic • 
positrons. 


i.02 


.005 


.002 1 



Such an analysis for the 
WEST data is shown in Figure 
2. The curve for atmospheric 
secondaries is derived from 
interpolating calculations b^ 

Beuermann (1971) for 7 gm/cm 
of atmosphere. The reentrant 
albedo particles are expected 
to disappear above cut-off 
rigidities. In Figure 2, we 
estimated their fluxes such 
that the direct atmospheric and the reentrant secondaries add up to our 
data below 10 GeV. This procedure is consistent with the flux of 
reentrant albedo electrons at 4 GeV measured by Daniel and Stephens 
( 1967 ). 


GeV GeV 

Fig. 2 Differential Energy Spectra of Electrons, Hawaii '84 
The solid curve (WEST) is the sum of the dotted curves. 
The dashed curve is a hand fit to the EAST spectrum. 
Reentrant albedo data point: V Daniel & Stephens '67 


The curve of galactic negatrons is obtained by folding our previously 
measured electron spectrum with calculations of geomagnetic cutoffs. 
Clearly, a significant amount of positrons is required to account for the 
fluxes from 10 to 20 GeV. 


To derive the positive fraction of cosmic ray electrons, the WEST 
data are divided into 2 energy intervals shown in Table 1. N(total) is 
the number of selected events and N(proton) is the estimated number of 
residual proton background. N(atmos) is the number of atmospheric and 
reentrant albedo events estimated by extrapolating data below 10 GeV to 
higher energies. The net number of positrons, N(+) , is obtained by sub- 
tracting N(proton) and N(atmos) from N(total). We obtain N(sum), the sum 
of cosmic positrons and negatrons, using the EAST data and our previous 
measurement (Tang 1984). Finally, a factor f corrects for small effects 
due to the finite energy resolution of the detector and the variation of 
cut-off rigidities over extended regions of the sky. The positive frac- 
tion, e + /(e + +e“), is then the ratio of N(+) and N(sum), multiplied by f. 

Table 1 

E(GeV) N(total) N(proton) N(atmos) N(+) N(sum) f e + / (e*+e~ ) 

10-14.4 67+8.2 9. 3+2. 3 22.+5.8 35.8+10 248+30 1.05+.05 .151+.048 

14.4-20 34+5.8 3. 3+0. 8 8. 6+3. 4 22.1+7. 97+13 0.90+.10 .204+.072 


DISCUSSION Our measurements of e /(e +e ) in cosmic-ray are shown in 

Figure 3. The error limits include statistical and systematic 
uncertainties. We compare our data with measurements at lower energies 
and with some calculations of propagation models using pathlengths which 
agree with B/C ratios (Protheroe, 1982). The calculations have shown that 
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the positron flux below 10 GeV is consistent with an entirely (>97%) 
secondary origin, due to interactions of nuclei (mostly protons) in the 
interstellar gas. Our results show an increase of the positive fraction 
above 10 GeV and are significantly higher than the model calculations. 

+ There are two possibilities to understand this increase of 

e/(e+e): (l)a primary component of positrons becomes significant 

above 10 GeV; or (2) the flux of primary electrons (assumed to be almost 

entirely negatrons) decreases above 10 GeV more rapidly than that of 

secondary positrons. The first 

possibility may not be very likely, 5 

while the latter is corroborated by 

the fact that the total electron 

spectrum begins to bend ov|r a£ the 2 

same energy region where e / (e +e ) 

increases. Such a decrease of j 

primary negatrons above 10 GeV 

could, for instance, have its „ 

. . . , _ . .05 

origin in the acceleration region 

if synchrotron losses in that 
region limit the electron energies 
attainable during the acceleration' 
time. Or it may be that sources of 
primary electrons are significantly 
further away than those of secon- 
dary positrons, leading to 
comparatively larger energy losses 
en route. 
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SPECTRAL SHAPE VARIATION OF INTERSTELLAR ELECTRONS 
AT HIGH ENERGIES 


L . C . T an 

Department of Physics and Astronomy 
University of Maryland 
College Park, MD 20742 
USA 


Our analysis of the high-energy electron spectrum 
has shown that the electron intensity inside the 
cloud region, or in a spiral arm, should be much 
lower than that outside it and the observed electron 
energy spectrum should flatten again at about 1 TeV. 


In the framework of the leaky box model the recently established 
rigidity (R) gd^pendence of the escape pathlength ( A ) of cosmic rays 
(i.e.,A oCR ' )(1) would predict a high-energy electron spectrum which 
is flatter than the observed one. We explain this divergence by assuming 
that the leaky box model can only apply to cosmic-ray heavy nuclei, and 
light nuclei and electrons in cosmic rays may have different behaviours 
in the interstellar propagation. Therefore, the measured data on high- 
energy electrons should be analysized based on our proposed nonuniform 
galactic disk (NUGD) model(2). 

In the NUGD model (see Fig. 1 of OG 7.2-10) Box 1 and Box 2 are the 
confinement volumes of primary nuclei and electrons in the solar vicinity 
and above the H cloud region respectively. Box II is the dense H^ cloud 
region and Box I represents the magnetic tube located in the central 
layer of the Orion arm. The H cloud region is assumed to be inert, 
hence primary nuclei and electrons should originate from Box l(the local 
component) or Box 2 (the distant component). Hereafter we use the 
subscripts 1, 2, I and II to express the quantities referred to Boxes 1, 

2, I and II respectively. 


By using Gauss's theorem, we have 
1 . 1 


— (^12 d '2 


( 1 ) 


V - V 

2 s 2 2 - 2 

where is the net flow of the ith kind of particles in the coordinate 

space (r ) of Box 2, V, s and n are the volume, the surface area and the 

unit vector normal to s respectively. According to the 'leaky box' 

concept the right hand side of Eq. (1) may be replaced by N^/t^j w ^ ere 

T q 2 is the mean escape lifetime of cosmic rays. Since 


S 2->II + S 2+halo , 


( 2 ) 


where s ^ and 
Box II an5 Box 


are the area of the boundaries between Box 2 and 


O 2 ^ ^ die LUC die d ui Lilt: uuuuuailCb Dfci 

2 ant ?he halo respectively, we can write 


1 ? i2^2 ds 2 + ( T i2^2 ds 2 

S 2*II S 2-*halo 


V N- 
2 i2 


T 

e2 


(3) 
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We define the first and second 
terms on the left hand side of 
Eq. (3) as V-N. /t and 

V 2 N i2 /T e2->halo lres P e ^ lvely ’ 

Here the quantity 

\ J. n„ ds_ is just the 
v tt4 1Z z z 
2-1 1 

source term of the ith kind of 
particles in Box II due to the 
flow from Box 2, q . _ _ , 
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V J s 
II 2-II 

rn.H-a.cV_ N.„ 


2 ds 2 



e2— II 


Fig. 1 


Here we have used 


A = m nftct 
e n " e 


where m is the proton mass, ^c is the particle velocity and n is the 
mean master density of the ISM. As A - is independent of the nature of 
the particles, from Eq. (3) A should also be independent of the 

nature of the particles. Therefore, in order to estimate q . we only 
need to consider the main proton component of cosmic rays, which has the 
continuity equation in Box II at high energies, 


N TT ( — 

pH A 


m p n 2 cV 2 


® 1 dN (E ,E') 


r ^ l 

j T? y. 


\2~II E p A p 


=N TT (E')dE' 

pH p p 


where A is the mean inelastic interaction length of interstellar protons 
and dN P/dE = 1/E 1 ...is ..the energy distribution, of protons after theiry 
ine las? ic iRterraBtions . Under the power-law approximation (N t< E r) 


we can get 


- „ ,eff 

m n„cV„A TT 
p 2 2 pH 


e2-+II 


where A ^5 = 1/ — 

P A __ 

ell 


-) and /^ att = A 1 / (1- 1//). Owing to the 
P P P 


fact that no cosmic-ray gradient exists in the inner Galaxy, the condition 
N p 2 = N pU shou l d he held. Then by combining Eqs . (4) and (8) we have 

_ .. , -eff 

"ill “ "i2 /A pII • 


( 8 ) 
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Assuming that cosmic-ray 
electrons originate from a 
shock acceleration process, 
at high energies we should 
take theijj source term q ^ 

(=q , )*E and- their intensity 

N ®C= N e , KE J due to 

f Z G I G 

ectromagnetic losses. From 

Eqs . ( 7)-( 8) we get 

, eff „ ..-.-0.7 

A TT °CA 
pH ell e 

q °CE _2 and N 
n eII e 


ell 


oCE 


-3.3 



which is fully consistent with 
recent observations. Thus our 
deduced j ^ 2 anc ^ J XI are s ^ own 
in Fig. 1, in which the dot- 
dashed lines, the solid lines 
and the dashed lines represent 
the cases of £ = 0.8, 0.7 and 0.6 respectively, 
immediately noted that the electron flux in the .. 
hence in the solar neighbourhood) should be much less than that in the 
distant regions (Boxes 1 and 2). Actually, this prediction is consistent 
with the observation( 3) . 


From Fig. 1 it is 
H„ cloud region (and 


Further, the attenuation factor of high-energy electrons along the 
magnetic tube (Box I) before reaching the solar neighbourhood is 

7 = exp ((2r ix - 2) ln( 1 -a)), (10) 

where y is the spectral index of the electron spectrum, oi = ^ E e x Is , x Ig 
being tfie pathlength of elef^trons_ jnj^ox^ to reach the solar 6 S 
neighbourhood, and b= 7*10 (GeV g cm )(4). Thus the predicted 
electron intensity in the solar neighbourhood should be 

N = (1 - £ )7N TT + 6.N , (11) 

ep ' ell el2 

where £ is the fraction of protons coming from Box 1 in the observed 
proton flux. 


Recent data on high-energy electrons (5) — ( 7 ) have been used to 
estimate as trophys ical parameters inherent in the NUGD model. In Fig. 2 
we show a plot of the minimum_X value, which is obtained by varying q^ 
(the source term q g x 2 = 1 e o E e ^ and % + &~ 2. 75) and £ simultaneously, 


against A j 
» T T can be es 

'’PAT T 


(A TT =A 

oT T a 


Frcm this plot the allowable range of 


In Ta^le 1 we list the values of some model parameters estimated 
from our X fitting procedure. It is noticeable that £ = 5±1 %, indicating 
that the dominant part of observed cosmic-ray protons should come from 
the H 2 cloud region. Moreover, the deduced A qjj /A qi? “ ^ at S = 0.7, 
which is also consistent with our previous conclusion that most of 
secondary antiprotons should be produced in the H 2 cloud region(2) . 


t 
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In the magnetic tube (Box 
I) the diffusion coefficient of 
10 GeV cosmic ^gys j,s_(ptimated 
to be about 10 cm s , which 
corresponds their mean free path 
of about 50 pc. This is 
consistent with the assumption 
that the scattering of cosmic 
rays by hydromagnetic waves 
should happen in the zone outside Table 1. 

an arm, while along an arm there should be a free zone where cosmic rays 
are free to stream along the field lines with speeds of the order of the 



velocity of light(8). 

Finally, in Fig. 3 
we show the electron 
fluxes predicted for' 
the NUGD model (see 
the explanation of the 
curves shown in Fig. 2) 
It is noticeable that 
the predicted electron 
spectra for all the $ 
values considered 
exhibit a flattening 
at about 1 TeV. This 
flattening is 
understandable because 
at very high-energies 



observed electrons should E (GeV) 

only originate from their Fig. 3 . ' 

confinement volume in the solar vicinity (Box 1), and hence have a 
spectral index near to 3 (see Fig. 1). Our prediction is not in 
contradiction with the existing data(5). However, it is suggested to 
make improved measurements to examine the prediction presented above. 
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Re-estimation of the Production Spectra of Cosmic Ray 
Secondary Positrons and Electrons in the ISM 


C.M. Wong and L.K. Ng 

Physics Department, University of Hong Kong 
Hong Kong 


Abstract 


The present work includes a detailed calculation of the 
production spectra of charged hadrons (tt“ ,k - ) produced by 
interactions of cosmic rays in the interstellar medium, and 
a thorough treatment of pion and muon decays. Newly paramet- 
rised inclusive cross sections of hadrons were used and 
exact kinematic limitations were taken into account. Single 
parametrised expressions for the production spectra of bo£h 
secondary positrons and electrons in the energy range 10 
10 + ^ GeV are presented. The results are compared with other 
authors' predictions. Equilibrium spectra using various 
models are also presented. 

1. Introduction . It is well known that cosmic ray secondary 
positrons and electrons in the ISM arise from the irye decay 
chain of secondary tt produced in the interactions of cosmic 
rays with the ISM. Given the production spectra of e _ , their 
equilibrium spectra can be calculated by model predictions. 
And by combining with the available high-energy cosmic ray 
e^data, we can obtain a better understanding of cosmic ray 
propagation in the galaxy. However, there is no general 
agreement among the previous calculations of the production 
spectra of e 1 . In this work, we have re-estimated these 
spectra based on newly parametrised inclusive cross sections 
of hadrons which are applicable at energies from the ISR 
down to those near the production threshold. Moreover, exact 
kinematic limitations are taken into account. 


2. Production spectra of hadrons . Re-estimation of the 
production spectra of hadrons is motivated by the existence 
of large divergence among various inclusive cross section 
formulae-*-, and the availability of newly parametrised 
formulae based on more recent accelerator data^ . 


The production spectra of hadrons in p-p collisions is 

given by „ oo © -.3 

= il ( f max d 

m * E 3 (E p )dE p J IE 3 , 

p u dp 


P (E- 


;) p , d 0 


where E t is the threshold energy of p-p collisions for a 
given hadron energy E^ , % ax i s the maximum angle of hadron 
emission in the laboratory system and j(Ep) is the differen- 
tial flux of interstellar protons taken from Ref. 3. Calcula- 
tion was done without applying any approximation to the 
integrations, and exact kinematic limitations were taken into 
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account. Results for it* and K* are shown in figure 1. The 
uncertainties in the input spectrum gives rise to the shaded 
areas at low energies. 



Energy (GeV| 


3. Production spectra of e 1 . Production spectra of e ± in 
interstellar space is obtained by rigorous treatment of 
pion and muon decays taking into account of precise decay 
kinematics and muon decay asymmetry. Correction for the 
cosmic ray and the ISM compositions^ and the contribution 
from kaons 5 are then added. The results are given in figures 
2 and 3. 


LOG 



EBer ®' ,(G#V) Energy (G.V) 


Fig. 2 Production spectra of Fig. 3 Production spectra of 

TT+, p+ and e+. p~ and e~. 
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The spectra can be parametrised as follows with the 
coefficients listed in Table I. 


Q(S e ) = [ciE e ' G2 ]/[l + 0 A E e - C s] for 0.1 GeV < E e 41000.0 GeV 

where + C^ln E 0 + C^ln 2 E e , 

Clj = Gg + Cyln E e + Ggln^E e . 


Limit 

G 1 

c 2 

C 5 

C 4 

C 5 

C 6 

°7 

C 8 

Upper 

Lower 

QEZSi 

WEm 

K95j3| 

- 0.146 

- 0.148 

- 0.00992 

- 0.0454 

0.892 

1.09 

0.00499 

- 0.0127 

o o 

• • 

o o 

-J CD 
\Q 


Above for positrons. 


Limit 

y'-' 

c i 

G ? 

C 5 

C 4 

P 

c 6 

C 7 

C 8 

Upper 

Lower 

1.58 

1.58 

2.72 

2.72 

0.571 

0.455 

-0. 505 
-0.512 

0.0698 

0.0570 

0.768 

0.901 

0.0444 

0.0688 

0.0556 

0.0575 


Above for electrons. 

TABLE I 


4. Results and discussion . Figure 4 compares the present 
calculated positron spectrum with the previous calculations. 
Our results are significantly higher than the others 
especially near the energy range 1-10 GeV. The differences 
are mainly due to different adoption of the inclusive cross 
section parametr isations and different assumed interstellar 
proton spectra. However, since in our calculation, more 
recent accelerator data have been used and rigorous kine- 
matic treatment has been done, we believe the production 
spectrum has been improved. 



Fig. 4 Production spectra of e + predicted by various authors. 
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For the purpose of illustration, equilibrium spectra 
have been calculated using this positron production spectrum 
and various propagation models as shown in figure 5. It is 
seen that the predicted curves are all close to the recent 
datum due to Golden et al^. 



calculated production spectrum. 
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ELECTRONS AND POSITRONS FROM EXPANDING SUPERNOVA 
ENVELOPES IN DENSE CLOUDS 

S . A . Stephens 

Tata Institute of Fundamental Research 
Homi Bhabha Road, Bombay 400005, India 


ABSTRACT 

If antiprotons (p) in cosmic rays are produced as secondary 
particles in sources, it is expected that positrons are also 
created by the same process. In this paper we calculate the 
interstellar spectra of positrons and electrons by taking 
into account such sources, and compare them with observations. 


1. Introduction. Large flux of p, in excess of that expected on the 
basis of a few g.cnf 2 of matter traversed by cosmic rays, has been obser- 
ved [1-3] . This excess has been explained as being produced in the 
expanding envelopes of supernova (SN) , which explodes in dense cloudlets 
in the Galaxy [4] . It is shown that if 30% of the observed cosmic ray 
nucleons come from such sources, p observations can be explained satis- 
factorily [5] . As p being produced in interactions of cosmic ray nucle- 
ons with gas, it is expected that pions and kaons are also produced in 
these interactions, which decay to electrons and positrons. In these 
sources initially accelerated electrons are depleted at high energies 
due to synchrotron process. As a result, high energy spectrum of the 
electron component from these sources are expected to be rich in posi- 
trons. In this paper, we evaluate the equilibrium spectra of positrons 
and electrons in the Galaxy by including the electron component from 
these sources. 


2. Electron Spectrum in the Same Source. The evolution of electron com- 
ponent inside SN envelope is coupled to that of nucleonic component and 
therefore, one needs to solve the following coupled equations. 


dJ 

E 

dt 


8E 


(J 


dE 

P dt A p • A p 


dE 


dJ + 
e- 

dt 


3 ^e- 

8-1 (J e ± “dr 5 + V 


( 1 ) 


( 2 ) 


In the above equations, 1st term on the RHS describes continuous 
energy loss of particles. In the case of protons, this energy loss cor- 
responds to ionization and adiabatic cooling. For electrons, in addition 
to the above, one needs to include bremsstrahlung and synchrotron pro- 
cesses; the loss due to inverse Compton process is small compared to 
synchrotron process except at a very early phase of SN. 2nd term in 
Eqn. 1 is the loss of nucleons due to interaction and 3rd term takes care 
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of the finite inelasticity during collision. In these terms, v is the 
velocity of interacting particle, p the density and \ the interaction 
mean free path. The production term Q^ + is given as 


dE dE 

Q + = //// — U . 


^ . {J P v} a E {2 T ( E f-2>} Pj 
e y 


d 0 


(3) 


In this equation, integral over 0 describes the production of pions, in 
which p_^ and 0 are the transverse momentum and angle of emission of 
pions; the invariant cross-section E(d%/d 3 ) depends upon E and hence 
the integral over E p . The integrals over and Ejj take carl of the 
energy distribution of decay products as pion decays to muon and muon to 
electron. The parameters relating to the production of pions and the 
evolution of SN are described elsewhere [5,6] . 


While evaluating Eqns. 1 and 2, we have set the initial condition 
that the energy spectra of nucleons and negatrons are simple power law in 
rigidity of the type AR -2 * 73 , where A = 2.5xl0 4 and 150 particles/cm 2 .sr. 
s.GV/c) for nucleons arid electrons respectively. It is assumed that the 
initial acceleration is complete at the onset of the adiabatic phase and 
the remnant leaves the cloudlet when cosmic rays traverse ~ 50 g . cm ~ 2 of 
matter. The magnetic field inside the cloud is expected to scale as 
B 2 apnu, with B 0 = 4yG for n H = 1 atom. cm -3 . The photon density corres- 
ponds to an outburst of optical photons of 10 43 erg/s soon after the 
explosion, which decay with an e-folding time of 0.2 yrs. 

3. Equilibrium Spectrum in Interstellar Space. The equilibrium spectrum 
of e± in interstellar space is evaluated by solving the continuity equa- 
tion 


dJ + 
e~ 

dt 


JL 

3 E 


dE + 

« V -5T> 


2 e± 


(4) 


In this equation, the source term Q + consists of 3 terms. (1) The elec- 
trons from SN, which explode in dense clouds. This is obtained from 
Eqn . 2 and normalized to the observed |5 flux value at 9 GeV [1]. The 
production term is then given by J +/T. (2) The second term comes from 

sources in which cosmic rays traverse matter in an energy dependent 
manner [7] . It is assumed that at energies <2 GV/c, the matter traversed 
is ~4 g.cm -2 and above this energy it is proportional to R -0 - 6 . The 
secondary production of electrons is calculated using the equilibrium 
nucleon spectrum in the source and Q + is obtained after allowing for the 
energy dependent leakage. (3) The tSird term comes from the production 
of secondary electrons in interstellar space. In the case of negatrons, 
we have also included a term which is 70% of 150 E - 2 * 75 /T. The resident 
time T in Eqn. 4 is considered to be free parameter and is adjusted to 
fit the observed electron spectrum. 


4. Results. We have plotted in the lower part of Fig. 1, the observed 

flux values of electrons from recent experiments above 1 GeV [8-10] . For 

convenience, the flux scale is multiplied by E 3 . The curve shown here 
is the calculated spectrum using a value of 5xl0 6 yrs for T. One finds 
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Fig. 1 The spectrum of elec- 
trons is shown on the 
lower part of this 
figure and that of e + 
is shown on the upper 
part 


Fig. 2 Positron fraction is 
plotted as a function 
of energy 


a good fit to the observed data points. We make use of the same inter- 
stellar parameters to calculate the positron spectrum from Eqn. 4. 

The calculated positron spectrum in interstellar space is plotted 
in the upper part of Fig. 1. We have pointed out earlier that high 
energy electrons in SN envelopes are depleted by synchrotron energy loss 
process, and the positron spectrum is quite sensitive to the B 0 value 
used in Eqn. 2. Three curves shown in Fig. 1 is based on different 
values of B 0 . The spectral steepening noticed in this figure is due to 
the combined effect of energy loss processes and the energy dependent 
matter traversal in sources. The data points plotted here are from 
Golden et al. [11]. One notices from Fig. 1 that the positron spectrum 
is quite consistent with the model that major contribution comes from 
sources which produce antiprotons in cosmic rays. The spread in the 
data points is such that one cannot obtain a precise value of B 0 , though 
a value between 4 and 8 yG could fit the data points well. 

We have shown in Fig. 2, the fraction of positrons as a function 
of energy for 3 different values of B 0 as in Fig. 1. The increase in 
this ratio with energy arises from the fact that initially accelerated 
electrons in SN, which explode in dense clouds are depleted due to 
synchrotron process and that the electron component at higher energies 
is dominated by secondary particles. The initial decrease in the ratio 
is primarily due to the depletion of secondary electrons through synchro- 
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tron process and later by the energy dependent source term in Eqn. 4. 

One also not ices that the ratio attains an asymptotic value close to 
about 2% at very high energies. The absolute value of this ratio can be 
easily adjusted by about 20% by increasing the primary electron flux 
values by the same factor. In that case a small adjustment in the value 
of T could reproduce the good fit obtained for electrons in Fig. 1. We 
have also plotted the observed values of the fraction of e + [11,12] . 

One notices that the general trend of the data points are similar to the 
calculated values except for a normalization of about 20%, which is con- 
sistent with the errors in the results. 

Thus we conclude that SN exploding in dense clouds seems to 
explain not only the p results but also the e + data. We have also shown 
elsewhere that the observed Cos-B Y-ray sources could also be explained 
[13]. 
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THE ELECTRON SPECTRA IN THE SYNCHROTRON NEBULA 
OF THE SUPERNOVA REMNANT G 29.7 - 0.3 

L. Koch-Miramond and R.Rocchia, Service d'Astrophysique, Saclay, France 
F.A. Jansen and R. Braun, Huyghens Laboratory, Leiden, 

R.H. Becker, University of California, Davis 


1. Introduction . The current observational situation concerning the presence or 
absence of synchrotron nebulae, presumably fed by an active pulsar (PSR) in the 
central region of supernova remnants (SNRs) is evolving rapidly, thanks to the high 
resolution maps obtained with the Very Large Array (VLA) in the radio range and 
with the Einstein and Exosat observatories in the X-ray range. The larger spectral 
coverage (0,04 - 20 keV) of Exosat and its spectro-photometric capabilities are 
decisive in this respect. Observations in the whole range of frequencies between 
radio and X-rays would help determining the range of synchrotron frequencies and 
hence of injected particle energies, establish the physical size of the nebula and 
advance our understanding of particle acceleration by PSRs. 

The remnant G 29.7 - 0.3 has been studied intensively. The radio properties 
has been discussed by (1), (2), (3). High resolution maps obtained with the VLA show 
two spectrally distinct components, a flat spectrum core surrounded by a shell. The 
central component is 23% linearly polarized and has a centrally peaked radio 
brightness distribution characteristic of Crab-like remnants. While not visible at 
optical wavelengths due to the high visual absorption on the line of sight, G 29.7 - 
0.3 is a very bright object in X-rays (2) (3), X-ray diffuse emission coincident with 
the radio core was observed with the Einstein Observatory. For a distance of 19 kpc 
the estimated luminosity of the nebula was ~ 4 10 erg s"* in the 0.2 - 4.0 keV 
range and its linear diameter «2 pc. The present paper shows Exosat results 
obtained with the imaging instrument (CMA) and the medium energy proportional 
counters (ME). Assuming that the featureless power-law spectrum obtained in the 2 
to 10 keV range is synchrotron radiation from relativistic electrons, one derives 
constraints on magnetic field strength and age of the nebula. The energy spectra of 
the electrons responsible for the emission in the radio and X-ray ranges are 
discussed. « 

2. Results of the Exosat Observation . G 29.7 - 0.3 was observed on 29 August 
1984, for 4 10 4 s with the Exosat imaging instrument (CMA) and the medium 
energy proportional counters (ME) (4). The source was not seen in the CMA, the • 
3<r upper limit on the counting rate being 4 10*4 S -1 . The counting rate due to the 
source in the ME Argon counters half-array was 2.7 s*' 1 . After background 
subtraction the observed spectral distribution is shown on figure 1. The best fit was 
obtained assuming a featureless power-law spectrum dN/dE = 1.3 10* 1 E" 1 - 77 photon 
cm* 2 s*' 1 keV*" 1 and an absorbing hydrogen column density of ~ 2.3 lO^cm*^ . a 

3<r lower limit on the N^ value of~3 10^* cm*^ has been deduced from the upper 
limit of the CMA counting rate. Then the consistency between the CMA and ME 
data imposes: ei = - 1.0 + .15 and N^ = (3.3 + .3) 10 a ^cm-^- . The figure 2 shows the 
incident X-ray spectrum. 

Search for pulsations. Regular pulsations were searched for in the ME data 
by performing a fast Fourier transform. No statistically significant period has been 
found between 32ms and 10^ s. The resulting upper limit of pulsed fraction in this 
period range is ~ 1.5%. 

3. Discussion . The value of N,. we have deduced can be compared with the lower 
limit of N|_jj = 2 . 10 22 C m'^ inferred from neutral hydrogen radio absorption 
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measurements by (3). The incident X-ray flux from the source is (3 .84 . 1) io” 1 1 
erg.cm-^ s**in the 2 to 10 KeV range, corresponding to an intrinsic luminosity 
of 2 lO^erg.s-lfor a distance of 19 kpc. This large distance was estimated by (5) 
from the surface brightness/diameter relationship for SNRs and confirmed by the 
VLA results of (3). The total X-ray luminosity in the 0.1 to 10 keV range is about 5 
1036 e rg.s-l assuming that the same power-law holds. We assume a synchrotron 
nebula on the basis of our X-ray data and of the radio polarization. The emission at 
all wavelengths is synchrotron emission from relativistic electrons accelerated by 
the central stellar remnant. 

Assuming that the nebula contains a uniform magnetic field H, that all 
particles have energy such that maximum synchrotron emission is at 1 keV and that 
the energy of the nebula is equally divided between relativistic electrons and 
magnetic field (7), one finds Ha. 7 10'^ Gauss and Ep = E,, 6 10^ ergs, with an 

angular radius of the nebula of 10 arc sec. from (2). The synchrotron lifetime of the 
X-ray emitting electrons is then T/vl50 years. Doing that we have ignored 
electrons non radiating in X-rays; if now we consider the entire electromagnetic 
spectrum we get H=2 10*^ G, E„= 1.6 10^? erg and “Tfor electrons emitting at 1 
keV of 35 years. The age of the K SNR has been estimated by (8) from the surface 
brightness 5- at 408 MHz assuming that the dynamical evolution of the shell is 
described by the Sedov equation i.e. unaffected by the presence of a central pulsar, 
then 2 = 1.25 lO'^t'^giving t = 660 years. Hence continuous injection of energy 
near the center is inferred from the short synchrotron lifetime of the electrons as 
compared to the SNR's age. 

4. Energy and spectra of the electrons . If V is the frequency corresponding to the 
maximum of the synchrotron spectrum V= 4.6 10" ^H E^- (9). Assuming H = H 
equipartition =2.1Q"4 g, one finds that the radio emitting electrons have energy 
E 109 eV and the X-ray emitting electrons E*> 3 10^ eV. Since the energy 
spectrum of the X-ray emitting electrons is dominated by synchrotron losses the 
observed X-ray spectral index of - 1.0 + 0.15 implies a power-law' distribution of 
the radiating electrons with N(E)<* E-3 £".45. Because synchrotron losses steepen a 
continuously injected spectrum of electrons by one power the inferred injection 
spectrum is proportional to E - ^ ± ' 3 . Also there should be a break at low energies 
to a radiation spectrum S v &<. 131 .18. (figure 3). For the equipartition field H = 

2 10“^ G and an age of 660 years that should occur at a frequency of about 10*^ Hz. 
Considering the spectrum of G 29.7 - 0.3 over 9 decades in frequencies (figure 3) 
and taking into account the uncertainties on measured spectral indices, a break (if 
unique) should be expected in the frequency range 10 11 to 10* 5 Hz encompassing 
the infrared range. 

The radio flux of the synchrotron nebula integrated over the range 10 ? to 
10** Hz with the same spectral index <*=-0.25, as observed around 1 GHz by (2), is 
4 10^3 erg s - *. Then the Lx /L ratio »s-v'l()*well above the theoritical minimum of 
17 deduced from (6), who were modeling the evolution of a single power-law 
particle spectrum in the Crab-like SNRs. Hence a different origin for the X-ray and 
radio producing electrons is not required. This conclusion still marginally holds if 
one considers a flat radio spectrum (<*< =0, Lx /L^<v>500 and (Lx /L R ) m . 600 in (6). 

These considerations require that the difference of spectral indices Detween the 
radio and X-ray domains is 0.5. But this difference could be as large as 1, as 
suggested by our X-ray observations and by (3). In that case the electron spectral 
distribution could be more complex and its understanding would require the 
knowledge of the photon spectrum in the interval between radio and X-rays. Infra- 
red informations are much valuable from this point of view. 



396 


OG 6.2-10 

5. Infra-red emission . The IRAS catalogue of point and small extended sources 
(extension t 1 arc min) gives at (1950) = 18h43m46.5s; S (1950)=-03°02'33" a 
source flux of 4.84 Jy at 12p and 8.63 Jy at 24^(10). The corresponding points 
shown on figure 3 lie 2 decades above the extrapolated radio emission but the infra- 
red source does not coincide with the central synchrotron nebula and lies closer to 
the brightest shell emission region A. So these data cannot be confidently used to 
constrain the electron spectrum. More work on the infra-red diffuse emission of 
this region is required. 

6. Conclusions. The great similarity of the physical properties of G 29.7 -0.3 and 
of the three synchrotron nebulae containing a compact object observed to pulse in 
X-rays (11), (12) and Table 1, makes G 29.7 - 0.3 a very promising candidate for 
further search for pulsed emission. Further observations at infra-red wavelengths 
might reveal the break(s) in the emitted spectrum expected from the radio and X- 
ray power-law indices and give us more information on the production of the 
electron populations responsible for the emission of the nebula (13, (14), (15). 
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TABLE l. PROPERTIES OF DIFFUSE SYNCHROTRON NEBULAE 


Names 

Distance 

Size 

Lx 

H * 

Ep * 

r * 


kpc 

pc 

erg s* 1 

Gauss 

ergs 

Years 

G 184.6-5.8 (Crab) 

2.0 

0.6 

2 10 37 

1 

o 

N 

2 10 46 

30 

G 29.7-0.3 (KES 75) 

19 

1.8 

5 10 36 

7 10 -3 

6 10 46 

150 

LMC 0540-69J3 

55 

1 

1 10 37 

2 10“ 4 

1 10 47 

33 

G 320.4-1.2 (MSH15-52 ) 

4.2 

6.4 

1.6 10 33 

9 10*6 

2 10 4 6 

410 3 


X 

Based on the consideration of X-ray emitting electrons only (11). 
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EXOSAT HE G29 7 • 0.3 


■ Figure 1: The observed ME 
spectrum of G 29.7-0.3 (full 
array). The thin bars represent 
the observed data points with 
+ 1 <r errors. The thick 

histogram is the predicted 
distribution for a power-law 
spectrum with energy index 
«^, = -.77 and an absorbing 
column density of N = 
2.3.10**0171-*; H 

1.0 10 
Energy IkeVI 



EXOSAT ME G29.7 - 0 3 



10 10 


Energy fkeVl 


Figure 2; The incident photon 
spectrum of G 29.7-0.3 as 
deduced from the EXOSAT ME 
data. 



log 10 Frequency (Hz) 


Figure 3: Emission spectrum of 
the synchrotron nebula in G 
29.7-0.3 over 9 decades in 
frequency. Radio spectrum 
from (1,2,3), IRAS flux might 
be due to shell emission, X-ray 
spectrum from the present 
work. A spectral break is 
expected in the shaded area. 
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RELATIVISTIC ELECTRON IN CURVED MAGNETIC FIELDS 
Shuyuan An 

Riysics Department, Beijing Teachers College 

China 

ABSTRACT 

Making use of the perturbation method based on the 
nonlinear differential equation theory, the present work 
investigates the classical motion of a relativistic elec- 
tron in a class of curved magnetic fields which may be 

written as B*B(0,B^,0) in cylindrical coordinates (R,f,z). 

Under general astro physical conditions the author derives 
the analytical expressions of the motion orbit, pitch angle 
etc. of the electron in their dependence upon parameters 
characterizing the magnetic field and electron. The effects 
of non-zero curvature of magnetic field lines on the motion 
of electrons and applicabilities of these results to astro- 
physics are also discussed. 

INTRODUCTION 

In astrophysics, some curved magnetic fields with sufficiently 
small field gradients may approximately be written in a local coordi- 
nate system as 

B-B(0,B y ,0), B <f »B 0 >0, (1) 

where B Q is a constant, and (R,9>,Z) denote the cylindrical coordinates. 

The classical motion of a relativistic electron of charge -e in the 

field (1) can be exactly solved by the topological method, which was 

1 9 
investigated by the author in some detail. The purpose of the present 

paper is to find further the analytical solution for the motion, and 

then to extend the results to more general magnetic fields. In the » 

following treatment, the influence of the radiation damping will be 

neglected. 

RESULTS 

By virtue of the assumed ( without loss of generality ) initial 
position and velocity 

*|t-0 - ? o( R 0»°»°)» *|tdO - *o( V fiO»>0* V zO>* 

the first integral of the equation of motion for a relativistic elec- 
tron in the field (1) may be put into the form 
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d 2 R/dt 2 + w 2 R = r 2 v 2 0 /r 3 +<A) 2 (R 0+ v z0 /a; b ). 


(3) 

(4) 

(5) 

y the 


Bdf/dt - RqV^q, 

dz/dt - -W b (R-R 0 -v z0 / Wb ) t 

in which u)^m eBQ^mc is the relativistic cyclotron frequency, 

Lorentz factor* and Rq the curvature radius of the field line passing 

through the initial point. Using the perturbation method based on 
2 

Poincare' theory to solve the nonlinear autonomous equations (3)-(5)» 
with the initial conditions (2) and 

M-m £ c/ wJ b R 0 « 1 , s J 0 //0 1 * (6 ) 

2 2 1 /2 

A" T /°» 13 (0ro + 0zo) * &K) “ Apo* 

a condition that is adequately met in astrophysics* we get the equa- 
tions of eleotron trajectory which* up to and including of the second 
order in /i* are 

(R/R 0 )-1i^[(P z0 /^)+>(^ 0 //5) 2 ] ( 1 -cos u> t )+ m( 0 rO //3 )sin u> t , (7) 

^ wt-^ R0 /j8 )(1-cos a) t ) , (8) 
V>-(1- 2M$ tQ /p)u} Jl0 U:2/ (fy /0 /j5) [(P z0 /^)«inwt-(^ R0 /^)( 1-cos uit)] , (9) 


where 


W«(H3J^ //0 /2P ) d^* u c : “ * ^4fO“ V ^o/®0* 

On differentiating (3) » (4) and (3) with respect to the time, one can 
obtain further the analytical expression of the electron velocity. It 
is apparent from (7)-(9) that the motion of the electron in the field 
(1) may be represented as the superposition of both the helical motion 
with gyration radius 

2 22 4 2 2 _ 2 

_ rP-i-0 „ PzO ftrO“AtO 2,AirO 0zO /W Z P//<M1/2 
1 2 ^_.^ ( _ + , 

and the curvature drift motion with drift velocity u . 

c 

The pitch angle of an electron moving in a curved magnetic field* 

V/ * and its mean value 'if * defined as 
* 2ir 

sin -1 [-^J sin 2 ^ d(wt)] 1 / 2 , 

are oustomarily calculated in the reference frame where the drift velo- 
city of the electron vanishes. Following this convention* the pitch 
angle for the electron in the field (1) is found to be 
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2 2 2 

■ _,_-i &or. AoAo,, 0zo x .A/O/^zo , 0ro . .a 

Y * Bin “g-|1+M 2 ~( 1 + — 2 ) — eoswt-— Binout)], (10) 

P 0&.O 2 A P 0 0 

(5^o/2/)]. (11) 

In particular, for an electron In typical curvature notion, correspon- 
ding to /^o^lA/ol* th ® eqa * 0°) and (H) reduce to 

« ( / + 2^ z0 /|S + ^ 0 //3 2 ) 1/2 . (12) 

DISCUSSION 

In topics concerned with the properties of the motion and radiation 
of a relativistic electron in a magnetic field what is taken into 
account is usually the influence of radiation damping on the motion and 
pitch angle (the so-called "radiation compression")^, and sometimes 
other effects like the magnetic lens. However, our results show that 

for a relativistic electron in typical curvature motion the influence 

of the curvature of magnetic field lines is also important. 

The latter influence will become quite clear in the special case 
v x0 =0 associated with primary particles flying out along magnetic field 
lines from the surface of pulsars. In this case, from ( 1 2 ) , This 

indicates that owing to the effect of the non-zero curvature of field 
lines, the initial motion of the electron, even if the initial trans- 
verse velocity vanishes, can not generally be maintained, but have to 

develop into the helical motion with the pitch angle tymjx and the gyra- 
2 

tion radius , plus the curvature drift. Another special case occurs 

2 2 

in v^qbv^q. -JXYfiffo/fl * -)Uv for which the pitch angle of the electron is 
strictly equal to zero. 

It can be expected that these results should be conducive to calcu- 
lating or predicting synchro-curvature radiations from some nonthermal 
sources, and oould exert an influence on the process of the electron 
momentum distribution "one-dimensionalization" along curved magnetic 
field lines due to radiation damping. Furthermore, when the effect of 
radiation damping is taken into account, it may be easily deduced ^ 
that, as the result of the "radiation compression", a relativistic 
electron in the field (1) should move approximately along Cornu spiral 
in the guiding center frame, and tend finally towards the limiting 
motion corresponding to the latter special case mentioned above. 
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So far we have found the analytical solutions for a relativistic 
electron moving in the field (1). Let us consider now the class of 
curved Magnetic fields 


B - B(0, B y , 0), By/B Q - (R/Rq) 1 * (13) 

(where N is a real constant), which is more general than the field (1) 
and reduces to (1) at N=*0. Most of common curved magnetic fields with 
axial symmetry in astrophysics such as the dipole magnetic field may be 
expressed by ( 13 ) in a local frame of refrenoe if only the magnitude of 
the field gradient along magnetic field lines is negligibly small. To 
maintain the fields ( 13 ), there must be electric currents flowing in 
the direction parallel to z, the density of which is given by 

t/i Q - (R/Ro)”” 1 V J 0 * (N+1)cB 0 /4irR 0 , (14) 

where jg denotes the current density at the initial point. In applica- 
tion, one can select a configuration of magnetic field from ( 13 ), ( 14 ) 
so that it is appropriate for the considered astronomical object. It 
may be verified that under the condition 


|K| « A -1 . 

I»l« (A|P*ol/P 

preceding results based on 
to be valid for the fields 


for Pto'' / |0//ol * 


2 -1 05 ) 

) . tox 0x O « J A/0 1 

the field (1), provided uj= co^, will continue 

(13). 
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